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ABSTRACT 
Olmeda Noguera, Eduardo. M.S., Purdue University, August 2014. Environmental 
Analysis of Stand-Alone Power Systems Applied to Remote Cell Towers. Major 
Professor: James Christopher Foreman. 
 
 
 
Remote cell towers need on-site power generation or stand-alone power systems 
for operation and, traditionally, diesel electric generators have been used as backup 
power systems in combination with renewable energies. Currently, Polymer Electrolyte 
Membrane Fuel Cells (PEMFC’s) are emerging as substitutes for the diesel electric 
generator, because of their reliability, high-energy conversion efficiency and zero 
emissions while operating. 
However, very few studies have compared the environmental impact of these two 
technologies, especially on remote cell tower applications. As PEMFC’s have no 
emissions while operating, concerns about their environmental impact surge because of 
the use of rare and high processed materials, such as Platinum or carbon fiber. 
The first stage of this research involves the design of two stand-alone power 
systems using a microgrid design software (HOMER), utilizing the mentioned 
technologies for such applications, in two different scenarios that differ in solar radiation. 
The purpose is to obtain the components used by the power systems and carry out a 
comparative environmental analysis, which would consist in a Life Cycle Assessment. 
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The results of the Life Cycle Assessment (LCA) conclude that the use of PEMFC 
as backup systems in the mentioned applications results in less environmental impacts 
than the use of diesel electric generators. 
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RESUMEN 
Las estaciones de telecomunicaciones o estaciones base remotas necesitan de 
generación de energía in situ o de sistemas de generación de energía aislada para el 
funcionamiento de las mismas, tradicionalmente se ha usado motores de combustión 
interna para la generación eléctrica como elementos primarios de apoyo en combinación 
con energías renovables. Actualmente, las PEMFC (por su siglas en inglés), están 
emergiendo como sustitutos de los motores de combustión interna para dichas 
aplicaciones, por su fiabilidad, alta eficiencia en la conversión de energía y por tener 
emisiones nulas en funcionamiento. 
Sin embargo, pocos estudios han comparado los impactos medioambientales de 
estas dos tecnologías, especialmente en aplicaciones tales como estaciones bases remotas. 
Las PEMFC no tienen emisiones en funcionamiento, pero igualmente la preocupación de 
otros impactos medioambientales surgen por el uso de materiales raros o derivados de 
muchos procesos, como puede ser el platino o la fibra de carbono. 
La primera fase de esta investigación se trata de el diseño de dos sistemas de 
generación de energía aislados usando el programa HOMER, utilizando dichas 
tecnologías para la aplicación propuesta en dos escenarios diferentes, que difieren en 
radiación solar. El objetivo es obtener los elementos principales usados por el sistema 
xv 
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para llevar a cabo una comparación mediante un análisis medioambiental, que en este 
caso consistirá en un análisis del ciclo de vida or LCA (por sus siglas en inglés). 
Los resultados del LCA concluyen que el uso de las PEMFC como sistemas de 
apoyo en las aplicaciones ya mencionadas, resultan en menos impacto medioambiental 
que el uso de generadores con motores de combustión interna. 
 
.
1 
 
1 
CHAPTER 1. INTRODUCTION 
Cell towers, or cell sites, are used to create a cellular network to enable wireless 
communications, such as cellphones. Cellphones are one of the fastest spreading 
technologies around the world. The expansion of telecommunication is pushing the limits 
to cover wireless telecom needs in places where the power grid is not available due to 
costs and other factors. Cell towers need power in order to be operational, in remote 
places they have on-site generation, but more often on-site back-up generation is 
considered due to reliability concerns. Therefore, the development of stand-alone power 
systems for off-grid cell towers is required to meet this expansion. Moreover, off-grid 
cell towers are been considered to use different applications. Recently, they have been 
suggested as a channel to enhance health and power security in developing countries 
(Rubin & Conant, 2010). The use of the Stand-Alone Power Systems (SAPS) 
incorporated into cell towers will enhance both health and power security for 
communities without access to the power grid by providing reliable electricity. 
Traditionally, diesel electric generation sets have been used as either primary 
energy supply or backup system in combination with renewable energies (wind or solar); 
but problems related to remote Operation and Maintenance (O&M), operating costs, and 
environmental impacts occur. In particular, these off-site cell towers are located in remote 
areas such as protected landscapes or natural reserves, requiring a reliable, simple O&M 
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and environmentally friendly solution. The use of renewable energies, such as wind and 
solar with the combination of backup systems, such as fuel cells can address these 
problems in an environmentally friendly manner. However, while these off-grid systems 
are environmentally friendly in operation, there are environmental impacts hidden into 
their materials or operation processes. Therefore, the study of these environmental 
impacts through a Life Cycle Assessment (LCA) is required before these can be fully 
understood as a robust solution to provide power for off-grid cell sites. 
 
1.1 Research question 
• What are the environmental impacts hidden into the Stand-Alone Power Systems 
(SAPS) proposed for such remote cell sites? 
• Which of the proposed SAPS has lower environmental impacts? 
 
1.2 Statement of the problem 
This research explores the environmental impacts of stand-alone power systems 
(SAPS) applied to remote telecommunication cell towers or cell towers with need of 
power generation on-site. The problem will be to identify a sustainable, environmentally 
friendly, and cost efficient solution to power an off-grid cell tower, and to better 
understand the environmental impacts of this power system when compared with existing 
solutions for such power systems. A LCA and sustainable index is proposed to compare 
the different power system configurations. This research will include assessment of the 
environmental impacts of PEMFC and diesel power generation. 
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1.3 Scope 
Environmental concerns such as global warming or industrial pollution are arising 
and considered an issue nowadays. Renewable energies, such as wind and solar energies, 
have emerged as an alternative to reduce the environmental impacts from fossil fuel 
energy generation.  
Renewable energies can be integrated together and these systems can be grid-tied 
or off-grid. Integrated renewable energies can be complemented by the other energy 
sources to produce electricity in a hybrid power system approach. However, when 
renewable energies are used in an off-grid environment, the use of energy storage 
systems are required to enhance reliability by providing back-up power when the 
renewable energy source is not available as well as during an emergency. 
Lithium-ion batteries (Li-ion) and PEMFC both are used as back-up power 
systems, to store energy from renewable energies (e.g., solar panels and wind turbines). 
SAPS are used in remote places to provide electricity when the access to the grid is not 
possible. Li-ion and PEMFC can be used in remote places to store and produce energy for 
portable electronic devices, buildings without access to the electricity transmission lines, 
and remote telecommunications.  
While solar or wind power energies are technologies that have nearly zero 
environmental emissions, compared to other sources of power generation, environmental 
emissions are embodied due to the materials assembled, transport or life cycle usage. In 
addition, Li-ion and PEMFC are also subject to environmental concerns such as recycling 
disposal and mining/manufacturing of catalyst. These environmental emissions must be 
taken into account. 
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1.4 Significance 
The use of hybrid power sources including PEMFC and Li-ion with renewable 
generation is an alternative response to the diesel generator sets and lead-acid batteries 
used in remote locations without electricity transmission lines. The purpose of this study 
is to explore environmental impacts that such SAPS composed by diesel electric 
generators, PEMFC’s, Li-ion batteries, PEM electrolyzer, hydrogen storage and a 
renewable power generator (PV), provide in the cell tower environment.  
Many studies have been done on the environmental analysis of PEMFC or Li-ion 
batteries. Nevertheless, not many of them have been done with the use of such hybrid 
power systems in response to off-grid cases, specifically applied to remote 
telecommunication cell towers. It is important to understand the environmental impacts 
and benefits of these systems by doing a LCA and comparing these to the traditionally 
used SAPS technology, e.g., diesel electric generator.  
The technology that has been proposed in this study has an emergent potential for 
use in off-grid cell sites. The use of these systems can help to improve communications in 
communities in developing countries without access to electricity and therefore, could 
improve the quality of life of these communities. 
 
1.5 Definitions 
Cell tower –or cell site tower is a cellular telephone site where antennas and electronic 
communications equipment are placed and form part of broadcasting or other 
signals, such as CB radio or mobile phone. The structure usually has the shape of 
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a radio mast, tower or located in a high place. The ensemble typically has primary 
and backup power sources depending on the location of the structure.  
Environmental Impact – possible adverse effects created by an item, production of a 
service or product, project, industrial process released into the environment. The 
environmental impacts can be diverse. In this study as a reference, environmental 
impact will refer to the adverse effects of Global Warming Potential, usually 
measured in kgCO2eq. 
Hybrid power systems – or stand-alone power systems (SAPS) are usually off-the-grid 
electricity generators designed for locations where electricity transmission lines 
are not fitted. Typically these systems are composed by one or more methods of 
electricity generation and power storage (Ipsakis, Voutetakis, Seferlis, 
Stergiopoulos, & Elmasides 2009). 
Life cycle assessment – life cycle assessment or LCA is a technique for assessing the 
environmental aspects and impacts of a specific product through is life cycle (i.e. 
cradle to grave) (ISO/ANSI 14404:1997). 
Lithium-ion batteries – or Li-ion batteries or LIB are a type of rechargeable battery in 
which the cathode contains lithium and the anode is made from a type of porous 
carbon. Li-ion batteries have different characteristics that made them suitable for 
portable electronic devices, such as high energy-to-weight ratios, lack of memory 
effect or slow self-discharge when not in use. Additionally, Li-ion batteries can be 
integrated into packs of several cells and this is being used in off-the-grid 
applications (Georgi-Maschler, Friedrich, Weyhe, & Rutz, 2012). 
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Polymer electrolyte membrane fuel cells – polymer electrolyte membrane (PEM) fuel 
cells (PEMFC) are a type of fuel cell. They are being developed for transport and 
portable applications. Usually PEMFC uses hydrogen as a fuel, supplying the 
anode, while oxygen or air will supply the cathode, including a suitable catalyst. 
PEM fuel cell provides DC electrical energy (Haijiang, Xiao-Zi, & Hui, 2012). 
 
1.6 Assumptions 
The following assumptions are established to perform this study:  
1. Databases of the LCA software that will be used are assumed well 
documented and up to date with respect to the environmental impacts of 
power system components. SimaPro is tentatively selected as the LCA 
software to be used. 
2. Power load profile of the cell tower power system will be obtained from the 
literature review. 
3. The power load profile for cell tower service will be considered as equal in all 
cases, and changes in power demand over time due to projected growth in 
subscriber usage will also be considered. 
4. The boundaries of the LCA will be defined by availability of information with 
respect to manufacturing, transportation, and installation impacts of power 
system components. 
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1.7 Limitations 
The following limitations are established to perform this study:  
1. The lack of information on specific components due to bill of materials (BOM) 
will be covered by databases and individual research. However, in some cases 
the information can be incomplete, i.e. not information is found.  
2. The proposed system will be compared with a traditional stand-alone power 
system formed by a diesel generator applied to cell site towers, such as Base 
Transceiver Stations (BTS). 
3. All the stages/phases of the components manufacturing, transportation, and 
installation processes may not be covered in the scope phase of the LCA due 
to lack of information. 
 
1.8 Delimitations 
The following delimitations are established to perform this study:  
1. This study will only consider the proposed SAPS; other solutions may be 
possible, however these will not be taken into consideration. The specific 
components to be analyses are explained in Section 4.1.3. 
2. The weather patterns used for simulate the SAPS are provided by HOMER 
availability, extreme events that may cause interruption on meeting the load of 
the cell tower. 
3. This study will only consist of a comparative LCA as an environmental 
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analysis. Other environmental analysis, such as input-output analysis or 
material flow analysis, will not be covered.  
4. This research will consist of a holistic approach of the environmental impacts 
for such systems; users or policy makers will make a decision between each 
system depending on the environmental approach. 
 
1.9 Summary 
This chapter has presented an introduction and background of the research to 
SAPS applied into remote cell towers and their environmental concern. The statement of 
the problem and scope has been defined. In addition, significance, relevant definitions, 
limitations, delimitations and assumptions have been presented. 
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CHAPTER 2.  REVIEW OF THE LITERATURE  
Over the last couple of decades environmental awareness has increased due to 
unsustainable economic growth and resource depletion; the path to sustainable growth 
and development can be reached with different approaches (World Commission on 
Environment and Development [WCED], 1987; Meadows, Meadows, Randers & 
Williams, 1972). Industrial ecology and its environmental analysis tools are used to 
promote an environmentally friendly industry and reach greener engineering, although 
green engineering seems to be limited by the second law of thermodynamics (Graedel & 
Allenby, 2010). Large is the literature that has been written in the field of industrial 
ecology and environmental systems analysis management; articles from conferences, 
journals, universities, technical reports and both edited and non-edited books have been 
reviewed. The concepts that are included to develop the methodology are the following: 
industrial ecology and sustainable engineering principles, stand-alone power systems and 
environmentally systems analysis. 
 
2.1 Industrial ecology and Sustainable engineering principles 
Industrial ecology (IE) as the term is composed seems to be an oxymoron, due to 
the ontologies of the words industrial and ecology; it is difficult to imagine that these two 
terms can be linked. However, IE refers to reaching an environmental approach of 
10 
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industrial products/services based in technology foundations. Nevertheless, when we 
refer to a product or service it does not just refer to the boundaries of a factory or facility, 
but to a widely environmental impact that products, manufacturing processes, services, 
design and society behavior reflects on the environmental concerns of the planet. Society 
has a great impact on the consequences and of industrial-technological behavior. 
Therefore industrial ecology in part is as well sociological. However, by the multi-
ontological nature of IE, IE embraces different approaches due to the closer relationships 
between other disciplines (Allenby, 2006). A better explanation of IE is the following: 
Industrial ecology is the means by which humanity can deliberately approach and 
maintain sustainability, given continued economic, cultural, and technological 
evolution. The concept requires that an industrial system be viewed not in 
isolation from its surrounding systems, but in concert with them. It is a systems 
view in which one seeks to optimize the total materials cycle from virgin material, 
to finished material, to component, to product, to obsolete, product, and to 
ultimate disposal (Graedel & Allenby, 2010, p. 32). 
IE studies the environmental impacts at various stages or steps of a single product 
over its entire life (cradle to grave). This means that the boundaries of the environmental 
impacts are not limited just to the process inside the fabric. As well, it seeks for 
environmental impacts developed by human beings’ actions on the ecosystem (Hart, 
Clift, Riddleton, & Buntin, 2005). One key concept in IE is the conservation of both 
energy and mass. Another key concept is the use of technology as a basic-foundational 
tool, which means that the IE solutions will be based on existing and future developed 
technology. 
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IE seeks to reduce the amount of emergent streams (i.e., what the product releases 
to the environment) and incorporate more retained process, by recycling inside the 
industrial processes or with the help of another external agent of the process. In 
consequence, IE as fundamentals rejects the concept of waste (Graedel & Allenby, 2010). 
The idea of waste in IE is associated to another element that is created to get profit of it, 
e.g. food waste from daily consume is “waste”, but can be use to generate energy in a 
biodigestor. Once the biodigestor has ended its useful life, it can be recycled and used for 
another purpose. This concept is applied in nature; disposal of a life being is used from 
another one, and the waste from the last one from a third one. IE tries to follow the simile 
of disposal in biological systems. 
Engineering traditionally has used scientific knowledge to overcome 
technological barriers or problems. Engineers sometimes have overcome these problems 
considering resources and disposal as limitless, causing irreversible environmental 
damage. “Green engineering makes the design and solutions viewed from the perspective 
of human and environmental health” (Graedel & Allenby, 2010, p. 33). The purpose of 
this research is to develop green engineering and industrial ecology practices to obtain 
recommendations that can be applied into the stand-alone power system that will be 
analyzed. 
 
2.2 Stand-alone power systems (SAPS) 
Stand-alone power systems have been used to provide energy supply in areas 
where the power grid transmission lines are not installed or are not economically viable 
to install. The application of stand-alone power systems vary, but in this research the 
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power system will be likely installed into remote 4G LTE telecommunication stations. 
Combinations of renewable energies with energy storage systems are especially attractive 
because of the reliability in renewable energies, (i.e., energy security). The combination 
of lithium batteries, photovoltaic (PV), and wind are appealing in substitution of the 
conventional use of diesel/gasoline generators and acid lead batteries, because the former 
configuration contribute to reducing greenhouse emissions while enhancing energy 
security. However, even the energy security and environmental advantages that 
renewable energies and batteries provide, the levelized cost of energy of diesel generators 
and electrical grid are lower than the previously mentioned (Bezmalinovic, Barbir, & 
Tolj, 2013). 
At the time of design, stand-alone systems for small power consumers (e.g., 
remote telecommunication towers), need to have 100% reliability. This means that the 
system cannot fail. Since the failure of the system will cause damage that cannot be 
tracked or accounted. For this purpose, the use of a back-up system is required, in case of 
system failure. The use of a back-up system enables significant savings (e.g., system 
failure or bad seasonable weather conditions that will result in a lower energy generation 
from renewable energies). The backup system diminishes the size of the installation and 
at the same time mitigates operational and costs risks. Typically a back-up system would 
be a diesel generator or lead acid batteries, but in this research polymer exchange 
membrane (PEM) fuel cells are studied, which can lead to an environmental solution 
(Environmental Protection Agency [EPA], 2006). PEM fuel cells use hydrogen as fuel 
and are the ideal candidates to replace conventional generators; some of the advantages 
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are higher energy conversion efficiency over low power as shown in Figure 2.1. High 
flexibility over peak demand and zero emissions while operating. 
 
Figure 2.1. Efficiency of diesel generator versus PEM fuel cells, along different range of 
power (Bezmalinovic et al., 2013) 
In this research, the proposed stand-alone system is composed of a PEM fuel cell 
as a back up system, hydrogen storage tank, lithium-ion batteries and a primary power 
system likely to be a renewable source such as solar PV. Figure 2.2 shows the scheme of 
the system. The system includes short power storage composed of lithium-ion batteries, 
renewable energies when available, and an electrolyzer that will use the excess of energy 
to produce hydrogen, which is stored in a pressurized tank. The hydrogen is used by the 
PEM fuel cell when non-favorable meteorological conditions arise. The system is similar 
to what is proposed by (Sevencan & Çiftcioglu, 2013) the environmental impacts are 
sought, in order to compare between them and conventional stand-alone systems. The 
environmental impacts of similar systems are being examined by various studies 
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(Bezmalinovic, et al. 2013; Sevencan & Çiftcioglu, 2013; Steward, Saur, Penev, & 
Ramsden, 2009). These studies propose recommendations using short power storage 
systems and PEM fuel cells. 
 
Figure 2.2. Proposed stand-alone power system scheme (Bezmalinovic et al., 2013). 
Although power generation from renewable energies and hydrogen fuel cells are 
technologies free from fossil fuels and zero greenhouse gas emissions (GHG) (Hussein, 
Dincer & Xin, 2007), they are not free from emissions embodied due to the 
manufacturing process and transportation. As well, the recycling process has to be taken 
into account. If photovoltaic (PV) solar panels are taken as an example, the systems can 
produce significant amounts of carbon emissions over their entire life. These emissions 
have to be taken into account. In order to have an optimum selection of environmentally 
friendly power generation a combination of technologies results in the best option 
(Varun, Bhat, & Prakash, 2009). The use of different power generation in the proposed 
system such as renewable energies and electrolyzer is recommended. 
15 
 
15 
The energy storage systems in stand-alone power systems represent almost the 
half of environmental emissions (Svencan & Çiftcioglu, 2013). While PEM fuel cells are 
a promising technology in substitution of fossil fuel generation and engines, in 
applications such as automobile industry (Hussein et al., 2007), environmental impacts 
associated to the construction materials and manufactured processes can be neglected. 
Some authors claim that production from fuel cells stacks in combination with cleaner 
electricity mix in the automobile industry would result in a reduction of the 
environmental impacts of PEM fuel cells (Pehnt, 2001). 
The introduction of short-term energy storage in stand-alone power systems such 
as Lithium-ion (Li-ion) batteries or ultra-capacitors are proposed as another solution in 
order to compare between different backup systems (Svencan & Çiftcioglu, 2013); 
(Steward et al., 2009). The use of a diesel generator as a back up versus with hydrogen 
fuel cells technologies sometimes results in a lower environmental impact solution. While 
hydrogen fuel cells have zero operating emissions and are a fairly new technology. In the 
process of manufacturing are involved substantial environmental impacts due to the use 
of rare earth materials (e.g., platinum). In this research, use of Li-ion batteries and PEM 
fuel cells will be used as short storage system and back-up system respectively.  
 
2.3 Environmental system analysis 
Companies, organizations, business and stakeholders are becoming conscious 
about the impact of their activities in response of environmental awareness that can be 
associated to them, enhancing corporate social responsibility. A response is required in 
order to manage the environmental impacts of society, products or building environment, 
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which will lead towards a sustainable development and greener industry. Environmental 
management and analysis are used to study the impacts of these activities. A regulation is 
required to unify and have similar approaches to environmental management and analysis  
(International Standard Organization [ISO], 2009).  
There are a large variety of environmental analysis tools that are used to quantify 
the environmental impacts of products/systems. These tools can be differentiated by 
analytical or procedural, the different environmental impacts that are assessed, which is 
the purpose of the analysis/study, and if the study is with an accounting-oriented or 
effect-oriented purpose (Finnveden & Moverg, 2004).  
However, the different environmental tools are flexible and procedures can vary 
(Finnveden & Moverg, 2004). Due to this the environmental tools are sometimes poorly 
defined or the approach requires some modifications. In consequence, environmental 
analysis tools can been adapted to the needs of the system that is being analyzed or 
purpose.  
 
2.3.1 Life Cycle Assessment as an environmental system analysis tool 
Life Cycle Assessment (LCA) is an environmental analysis tool to assess the 
impacts that products or services produce to the environment over their entire life (cradle-
to-grave). LCA provides an in-depth perspective of the environmental impacts of a 
product/service by evaluating every single stage of its life span. LCA provides different 
benefits due to a holistic study of a product. Selecting criteria between two products can 
use LCA to observe the environmental impacts of both products resulting in the selection 
of the product with lower environmental impacts (EPA, 2006).  
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The phases in an LCA are goal and scope, inventory analysis, impact assessment 
and the interpretation of the mentioned phases. The goal definition and scoping phase in 
an LCA identifies the guides that the LCA performed will follow and it will determine 
the time and resources spending in the LCA. The goal defines the questions that should 
be answered, while scope defines the system, product function and boundaries, functional 
unit, information required and the audience to that is address (Reap, Roman, Duncan & 
Bras, 2008). The functional unit is an important factor at this stage, which has to be 
defined in order to compare with different systems. The use of the carbon footprint as a 
functional unit is widely used; carbon footprint is represented in carbon dioxide 
equivalent (CO2e) (Herwick & Peters, 2009).  
The Life Cycle Inventory (LCI) analysis is the process of gathering and 
quantifying all the quantitative data of the product, service or system over its entire life. 
Typical data that is quantified are energy, raw material requirements, water needed, 
atmospheric emissions or solid waste (International Standard Organization [ISO], 1997). 
Without this phase, evaluation of the process cannot be compared. This process provides 
benefits to product designers because it expands the view of material flows and its 
quantification, also it can be used or policy-making decisions. The product of the LCI 
results into a comprehensive flow diagram of the manufacturing process.  
“The Life Cycle Impact Assessment (LCIA) phase of an LCA is the analysis of 
potential human health and environmental impacts of the environmental resources and 
releases identified during the LCA” (EPA, 2006, p. 19), but this should also evaluate 
resource depletion. The relations between human health and environmental problems that 
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a product release are analyzed by the LCIA (e.g., the tons of CO2e that a internal 
combustion engine releases to the atmosphere and contributes to global warming). 
LCA Interpretation summarizes and discusses the three phases by drawing 
conclusions and recommendations for decision-making. The result of this stage is an 
explication of the needs for reducing environmental impacts resulted from the stages 
involved into the product or service (Graedel & Allenby, 2010).  
The procedure to perform a LCA has its own limitations. Drawing boundaries 
around the assessment is difficult, as well as to select a specific functional unit not always 
seems to be obvious. The process of gathering all the information of every stage can be a 
great barrier, and the lack of data could change the precision of the results. It is important 
to weigh at the first stage of a LCA, the access to the data and time required to develop 
the study (EPA, 2006). Moreover, a LCA study will not determine which product or 
service suit best or works the best.  
 
2.3.2 Environmental analysis tools or appraisals to take into consideration 
As mentioned above there are several environmental analysis tools in this section 
and some of them are described. Usually they can be described by their characteristics, 
such as the object/purpose of the study that is being analyzed (e.g., policies, projects, 
products or services). The different impacts that are being considered, whether or not it is 
environmental or resources or both, and the economic assessment can be included.  
Some examples of environmental analysis tools are: Material Flow Analysis-
accounting (MFA) that accounts for the material flow with emphasis on the input side of 
the process, MFA has different methodologies such as Total Material Requirement 
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(TMR) or Substance flow analysis. Input-Output Analysis (IOA) is an analytical tool that 
is used in order accounts for the order magnitude of regions or nation; IOA can be 
applied to include environmental impacts into economical accounts. Environmental 
Impact Assessment (EIA) assesses environmental impacts of site-specific projects and 
evaluates different locations or solutions. Cost-Benefit Analysis (CBA) evaluates the 
total costs and benefits from a project where environmental costs are included in the 
accountings of CBA. Ecological footprint (EF) can be applied as well in environmental 
analysis. Life Cycle Cost (LCC) evaluates the costs over the entire life (i.e., cradle-to-
grave of products or services, environmental and social costs can be included). Finally, 
Life Cycle Assessment (LCA) is used to assess the environmental impacts over the entire 
life of a product or service (Finnveden & Moverg, 2004).  
Figure 2.3 shows a resume of some of the environmental analysis tools, classified 
by their different focus or object, and the purpose of the study or impact. Once, the 
environmental analysis tools are being mentioned, LCA has been displayed to be the 
suitable environmental analysis tool for the purpose of this research. Moreover, LCA is a 
suitable making-decision tool to reach industrial ecologies principles (Hart et al., 2005). 
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Figure 2.3. Scheme of environmental tools analysis classified by purpose or objects and 
assessed impacts in the study (Finnveden & Moverg, 2004) 
 
2.4 Summary 
In this section an overview of the literature related to environmental systems 
analysis, stand-alone power systems and industrial ecology and sustainable engineering 
principles has been provided. The provided review of the literature has been displayed the 
relevance and the value of the proposed research. While there are some relatively new 
studies of environmental analysis in stand-alone power systems or PEM fuel cells 
compared to diesel engines in the automobile industry, the use of short storage systems 
such as Li-ion batteries has not been included in these studies as well as the use of PEM 
fuel cells as back-up system. Proving that the proposed system can be more 
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environmentally friendly than the conventional stand-alone power systems can overcome 
the economical barrier that separate these systems, and encourage sustainable power 
systems solutions in remote areas, specifically in the area of telecommunications. 
Moreover, the environmental analysis of the proposed stand-alone system will identify 
solutions or recommendations of environmental impact or human health problems in the 
life cycle of the system. Through the literature review different environmental analysis 
have been reviewed and it has been outlined that the most suitable environmental analysis 
for the proposed system is an LCA. 
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CHAPTER 3. FRAMEWORK AND METHODOLOGY 
The purpose of the study is to accomplish an environmental analysis of a stand-
alone power system that will cover the energy necessities of a cell tower site. Previous 
studies as mentioned on the literature review have claimed that the use of short-term 
energy storage, such as Li-Ion batteries in stand-alone power systems can result in better 
environmental solutions, rather than diesel generation set traditionally used in this type of 
installations. Due to the nature of this thesis, a quantitative approach is proposed; the 
study will be supported by quantitative data provided by literature review. 
 
3.1 Research framework 
Several environmental analysis studies have been done in the field of stand-alone 
power systems, formed by solar photovoltaic, micro wind turbine, PEM fuel cell and Li-
ion batteries. As mentioned before in the literature review, short energy storage systems 
such as Li-ion batteries are proposed as a solution with low environmental impacts, 
compared to traditional stand-alone power systems that use diesel generation sets. The 
purpose of this research is to carry comparative environmental analysis of the proposed 
stand-alone power systems and establish a comparison between the traditional stand-
alone power system (diesel generator) and the proposed solution (Polymer Electrolyte 
Membrane Fuel Cell, PEMFC).
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3.2 Methodology 
3.2.1 Life Cycle Assessment (LCA) methodology 
In order to carry out the environmental analysis, a LCA will be developed to 
quantify the environmental impacts of the proposed stand-alone power systems. The 
methodology used in LCA is divided into four stages: goal and scope, inventory analysis, 
impact assessment and interpretation. The interpretation and analysis of every stage is 
necessary to find consistency in the study, as well as to find mistakes or errors that can be 
done in the stage, and it summarizes and discusses recommendations for the system that 
is being analyzed. 
• Goal and scope: the goal of this LCA is to compare the environmental impacts of 
the proposed stand-alone power system and traditionally used stand-alone power 
systems. The level of detail that will be required will define the scope, the process 
of defining boundaries will be resulted for an analysis of the time required to 
achieve this study. 
• Inventory analysis: this is a process of acquisition of quantitative data of all inputs 
and outputs of the materials and energy of the elements, which constitute the 
stand-alone power system.  
• Impact assessment: this stage will identify the environmental concerns or 
advantages of the proposed system versus the traditionally stand-alone power 
systems. 
• Interpretation: summarizes and discuss the conclusions and recommendations of 
the study, especially regarding the inventory analysis and impact assessment of 
the LCA. 
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3.2.2 Stand-Alone Power System (SAPS) design methodology 
The use of a specific methodology is developed to design different configurations 
on HOMER. In order to design and compare the LCAs of the two power systems, a 
procedure is developed to standardize the process, shown in Figure 3.1. The purpose of 
this decision-making approach is to match the size of the diesel electric generator 
according to the size of the PEMFC optimized in HOMER.  
 
Figure 3.1 Stand-alone power system modeling diagram 
The first step will define the components of the PEMFC configuration; once the 
optimal solution is reached, the diesel SAPS will have the same components except from 
the primary backup system, i.e. same number of PV panels and Li-ion batteries as the 
PEM fuel cell system. This approach will simplify the comparative LCA, because it will 
25 
 
25 
not need to take into consideration both; PV panels and Li-ion batteries, i.e. they are 
being cancelled out by using the same configuration of components.  
 
3.3 Hypothesis 
In this study the following hypothesis is proposed: 
Alternative hypothesis, Hα: the proposed stand-alone power system utilizing a PEMFC 
as a backup power system will result in significantly less environmental impact than the 
similar power system with a diesel generator as backup power system. 
 
Null hypothesis, H0: the proposed stand-alone power system utilizing a PEMFC as a 
backup power system will not result in significantly less environmental impact than the 
similar power system with a diesel generator as backup power system. 
 
3.4 Data collection methods and analysis 
Several simulations are performed in order to obtain the data required. The 
simulations may be done by using different software packages such as SimaPro or 
HOMER, different methodology for the software can be used such as CML 2001 or Eco-
Indicator 99, to obtain the quantitative data analysis. The data collected in the study will 
be adapted to the different databases like Ecoinvent, ETH-ESU 96 or IDEMAT 2001, 
which the LCA software uses.  
The data is collected from literature review. In some cases, it can be incomplete 
due to the lack of information. LCA is known by its difficulty of data accessibility and 
accuracy of the inventory will not be the priority. However, the purpose of the study is to 
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establish a comparison between the proposed power systems, not to improve the 
environmental design of any specific component of the power systems. The purpose of 
this study is to perform an environmental analysis of the proposed system; comparison to 
other systems can be done by qualitative review, supported by good quality sources.  
 
3.5  Variables and units of measurement 
The reference unit for the environmental analysis will be defined by the 
availability of the software that will be used in the study. Energy, environmental, and 
human health will be the key variables of the study, to determine if the alternative 
hypothesis is accepted. The energy associated with materials and processes of the 
components will be the independent variables, whether or not the environmental and 
human health variables are expected to be in some relation with the energy variables. The 
presented variables will be measured as followed: 
• Energy through life stages of the materials or processes will be measured in Watts 
[W] consumed. 
o Electrical load of cell tower 
o Available solar radiation, where utilized 
o Battery capacity 
o Fuel cell energy flow 
• Environmental impact measurement of the materials or processes typically 
expressed in multiples of [kgCO2eq], [kgSbeq], [kgSO2eq], [kgCFC-11eq], 
[kgPO4---eq], [kgC2H4]or GHG types depending on the availability of the data. 
o CO2eq emissions in manufacturing system components 
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o CO2eq emissions in maintenance, operation, transportation, and site 
construction 
• Human health related issues due to the use of materials or processes involved in 
the proposed system, such as air quality or infectious diseases derived from 
materials/processes involved in the proposed system. The unit will be measured 
with kg1,4-DBeq, further explained on Section 4.2.1.  
 
3.6 Summary 
This chapter has covered the key variables and has described the research 
methodology of this study. Methodology, data collection and analysis have also been 
described. Moreover, the variables and the potential units of measurement of the study 
have been presented. 
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CHAPTER 4. PRESENTATION OF THE DATA 
4.1 Modeling the stand-alone system 
In order to proceed with the Life Cycle Assessment (LCA), the Stand-Alone 
Power System (SAPS) has to be defined. In this thesis, the freely available software, 
Hybrid Optimization of Multiple Energy Resources (HOMER) v2.68, has been used to 
model, simulate and design the stand-alone power system, provided by HOMER Energy 
LLC company (HOMER, 2012). This package is a Hybrid Renewable and Distributed 
Generation System Design Software, which is commonly used in microgrid power 
systems modeling, such as the proposed in this research. 
The HOMER optimization model is based on a comparative analysis of the total 
Net Present Cost (NPC) of each system configuration, selecting the most cost effective 
component configuration. The NPC is defined in Equation 1. 
𝑁𝑃𝐶 =    !"#$%  !""#!$%&'(  !"#$#  ( $!"#$)!(!!!)! ((!!!)!!!)                                (1) 
Where i is the annual real interest rate (%), selected as 5% in all configurations, 
and n is the project lifetime expressed in years, selected as 20 years in all scenarios. 
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4.1.1 Stand-alone power system scenarios 
In order to establish comparisons of different configurations for the SAPS, two 
different scenarios are examined that differ by location, and specifically solar radiation, 
are selected. These locations are Montana and California. 
The SAPS uses PV solar panels as primary power generation. In consequence, the 
use of them can influence the size and operation of the backup power systems in both 
configurations; using Polymer Electrolyte Membrane Fuel Cell (PEMFC) or diesel 
electric generator. If the PV array is oversized then the backup system would be utilized 
less than expected, e.g. using the PEMFC for less time during the year. If the PV array is 
undersized then the cell tower would rely mainly on the backup system, e.g. using more 
diesel than the required. These can lead to a poor SAPS design and influence the final 
comparative LCA results, e.g. using more diesel than required leading to more 
environmental impacts. 
The scenarios are chosen to be in the continental USA, due to the existing 
database of solar resources via National Renewable Energy Lab (NREL), which HOMER 
utilizes. The locations of the scenarios are considered to be remote, e.g. a national park, 
which would be a typical location for the power systems proposed in this study due to its 
limited access to the power grid. 
The first location is in Southern California (Joshua National Tree Park) with 
coordinates 33.59º N, 115.59º W, an annual scale average solar radiation of 5.67 
kWh/m2/day, and an average scaled annual temperature of 14.7 ℃. This location was 
selected as a candidate scenario with good solar insolation. Figure 4.1 shows the solar 
insolation of the location in Southern California. 
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Figure 4.1 Solar resources from Southern California 
The second location is in northern Montana (Glacier National Park) with 
coordinates of 48.41º N, 113.43º W, an annual scale average solar radiation of 3.77 
kWh/m2/day, and an average scaled annual temperature of 2.3 ℃. This location was 
selected as a candidate scenario with poor solar insolation to study the impacts of reduced 
solar generation on the system configuration. Figure 4.2 shows the solar radiation of the 
location in Montana.  
 
Figure 4.2 Solar resources from Southern California 
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4.1.2 Cell tower power consumption 
In the application of cell towers, the Base Transceiver Station (BTS) or 4G LTE 
cell towers typically consume between 15 to 40 kWh/Day of power (Paudel, Shrestha, 
Neto, Ferreira & Adhikari, 2011). From this range, 15 kWh per day is chosen to be the 
load profile, as it is assumed that cell towers in these selected locations are expected to 
have a relatively low number of users and as a result, low power consumption. The cell 
tower has a daily variation of 0.4 to 0.65 kW per hour/day. HOMER allows setting up 
random variability on the power load; 5% is set up as random variability for all 
configurations. The load profile is therefore defined as follows in the Figure 4.3. 
 
Figure 4.3 Cell tower load profile and load input data. 
The power consumption of the cell tower plays a major role in the Life Cycle Assessment 
(LCA), because it will constitute the functional unit, discussed in Section 4.2.1.2. 
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4.1.3 Components of the stand-alone power system 
Once the load profile of the cell tower and the weather data are selected, the 
components of the different SAPS can be configured. HOMER uses the criteria of 
minimizing NPC, while adhering to the defined constraints in Section 4.1.4, in order to 
find an optimal solution. Taking this into consideration, the prices ($) per unit size (Watts) 
of the components will significantly influence the optimization solution. In future 
research the optimization can be based on using the minimum components possible to 
strictly meet the power load of the cell tower. Table 4.1 shows the prices of the different 
components. 
Table 4.1 Component price per unit size of the stand-alone power systems 
(Berzmalinovic et al., 2013; Paudel et al. 2013). 
  Size Unit (kW) Capital ($) Replacement ($) O&M ($/year) 
PV panels 1 2000 2000 0 
PEMFC 1 2200 2200 8,76 
Electrolizer 1 1000 1000 5 
Hydrogen tank 1 990 990 0 
Batteries 1 300 300 0,1 
Diesel electric 
generator 1 550 350 8,76 
Converter 1 250 250 50 
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Figure 4.4 PEMFC system components (left) and Diesel system components (right) 
The efficiency of the components is a key factor to take into consideration. 
Typically, PEMFC’s have efficiency between 40-60%. The fuel cell efficiency is 
calculated in Appendix A. The diesel generator has a default efficiency of 25% from 
HOMER. Figure 4.6 shows the fuel curve efficiency of the diesel and PEMFC. The 
electrolyzer used in the PEMFC system has 95% efficiency. The converter used to 
convert from Alternating Current (AC) to Direct Current (DC) for the diesel system 
generator has an efficiency of 90%. In both systems the PV solar panels have an 
efficiency of 18% under Standard Test Conditions (STC). The Li-ion batteries consisted 
of one array of 48 V and 123 Ah with a round-trip efficiency of 95% from HOMER. 
Minimum battery life is not considered in any scenario.  
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Figure 4.5 Efficiency curve of diesel generator (left) and PEMFC (right) 
 
4.1.4 Economics, system control and constraints of the SAPS configurations 
The HOMER software simulation allows different parameters (economics, system 
control and constraints) to be specified. These parameters influence the total NPC of each 
configuration.  
Regarding the economics of the PEMFC power system, the annual fixed O&M 
cost is assumed to be 60 $/year, due to the operations of a technician checking the 
equipment once a year. The diesel system has a system fixed capital cost of $3000, 
because it is using a 1100 liter fuel tank, which will provide fuel for over one year. In this 
configuration, the annual fixed O&M costs are assumed to be 150 $/year for a technician 
to maintain the power system and provide a lorry for refilling the tank once a year.  
The system control is chosen as follows in Figure 4.6 and is the same in all 
scenarios. The dispatch strategy is chosen to be cycle charging, i.e. when the generator 
(backup system) runs, it runs at full power and charges the batteries (HOMER, 2012). 
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Figure 4.6 HOMER System Control Inputs of the stand-alone power systems 
The constrains are defined for all the systems and scenarios as follows in Figure 
4.7, the maximum annual capacity shortage is set up to be 0.5%, i.e. the maximum 
allowable value of the annual capacity shortage would be 0.5%, as a percent of the total 
annual load (HOMER, 2012). Cell towers are expected to have high reliability. 
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Figure 4.7 HOMER constraints of the stand-alone power systems 
 
4.1.5 Results of the model optimization 
In this section a summary of the results from the HOMER simulations is 
presented. Appendix B includes a table with the summary of the optimization results. 
4.1.5.1 First scenario 
In the first scenario a comparison between the PEMFC and diesel power systems 
is done under good solar radiation conditions, in this case Southern California, explained 
in Section 4.1.1. The results from the optimization model are total NPC for the PEMFC 
system $30,763 and Diesel system $37,740. 
In both stand-alone power systems, the PV panels are used during the daily hours 
(generally from 7:30 am to 18:30) to meet the power load of the cell tower, as well as the 
battery being charged during this time and discharged during night hours. Figures 4.8 and 
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4.9 show the daily profiles of the PV output and battery state of charge. The SAPS uses a 
8 kW PV array and one Li-ion battery. 
 
Figure 4.8 Annual-daily PV power output, scenario 1 
 
Figure 4.9 Annual-daily Li-ion battery state of charge, scenario 1 
The PEMFC SAPS uses the PEMFC stack in night hours or low hours of solar 
radiation. The PEMFC stack is used when the Li-ion battery is less than 40% state of 
charge, considered as the primary backup system; the PEMFC is running about 2,210 
hour/year with an electrical production of 2,179 kWh/year. The hydrogen consumption is 
134 kg/year and annual mean electrical efficiency of 47.7%. For further reference, 
consult Appendix A. Figure 4.10 shows the PEMFC output through the year. In relation 
to the hydrogen tank and the electrolyzer, the electrolyzer produces about 0.3 and 0.45 
kg/day of hydrogen and the hydrogen tank remains full half of the year (May through 
October) except for the wintertime; when it decreases as much as 0.6 kg (January and 
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February). There are 7 days where there is unmet load, during the night hours; otherwise, 
there is power in excess of the cell tower load when the PV panels are working. 
 
Figure 4.10 PEMFC annual power output, scenario 1 
The diesel electric generator is used at low solar radiation hours, like the PEMFC 
stack. The diesel SAPS is running 2,115 hours/year and produces 2,679 kWh/year, 
consuming 1051 L/year with a mean electrical efficiency 25.9%. Figure 4.11 shows the 
diesel electric generator power output throughout the year. The converter is used only as 
a rectifier and is being used the same hours as the diesel generator. The SAPS meets the 
load every day of the year; excess of electricity is produced during the day when the PV 
solar panels are working. 
 
Figure 4.11 Diesel generator annual power output, scenario 1 
4.1.5.2 Second scenario 
The second scenario is located where there is low solar radiation, so that another 
comparison between PEMFC and diesel SAPS can be performed. The location is in 
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Montana, as mentioned in Section 4.1.1. The results from the HOMER optimization 
model are total NPC $41,446 and $44,071 for PEMFC and diesel power system 
respectively. In this case, the SAPS are more cost intensive due to the use of additional 
PV panels, and, in the case of the PEMFC SAPS, a larger electrolyzer configuration.  
As in the scenario 1, scenario 2 uses the same number of PV panels for both 
SPAS, with PV power load of 11 kW and one Li-ion battery using the decision-making 
diagram procedure discussed in Section 3.2.2. The PV solar panels and the battery work 
in a similar way as in scenario 1, providing power on the daily sun hours and charging the 
batteries. Figure 4.12 and 4.13 shows the PV power output and the Li-ion batteries state 
of charge in a yearly basis. 
 
Figure 4.12 Annual-daily PV power output, scenario 2 
 
Figure 4.13 Annual-daily Li-ion batteries state of charge, scenario 2 
An important difference in scenario 2 is that the use of both PV power and the 
battery during wintertime is considerable lower than scenario 1. This leads to some hours 
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of unmet load during three days in the case of the PEMFC SAPS. The diesel SAPS does 
not result in unmet load. As in scenario 1, there is a considerable excess of electricity 
during the daytime in both SAPS configurations, when the PV solar panels are producing 
power. The above instances can be observed in the PEMFC stack and diesel electric 
generator’s behavior in Figures 4.14 and 4.15. In these figures, they are providing more 
power output during the wintertime than in scenario 1. 
The PEMFC stack is used 2,433 hours/year with an annual power generation of 
2,189 kWh/year. The hydrogen production is 139 kg/year. Figure 4.15 shows the power 
output of the PEMFC. 
 
Figure 4.14 Annual-daily PEMFC power output, scenario 2 
The diesel generator is used 2,484 hours/year and it has an annual power 
generation of 2,682 kWh/year, consuming 1,068 liters of diesel per year with a mean 
electrical efficiency of 25.5%. As in scenario 1 the converter is only used as a rectifier. 
 
Figure 4.15 Annual-daily diesel generator power output, scenario 2 
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4.2 Comparative Life Cycle Assessment 
In this section, the comparative Life Cycle Assessment will be addressed. A 
comparison between each stand-alone system will be established in the two scenarios 
explained before. 
 
4.2.1 Life Cycle Assessment goal and scope 
4.2.1.1 Goal of the study 
The objective of this project is to answer the research questions proposed for this 
research, explained in Section 1.1, and to accept or reject the null hypothesis, proposed in 
section 3.3. By performing a comparative LCA through the life cycle of the power 
systems, the environmental impacts will be identified. In consequence, a suitable solution 
for cell towers application will result, always from an environmental point of view. 
Moreover, it will identify the primary contributors to the environmental impacts of each 
system.  
4.2.1.2 Functional Unit 
This research aims at modeling a comparative LCA of two stand-alone power 
systems applied to cell towers. The difference between the two power systems is the 
choice of backup power systems, being the PEMFC or diesel generator. Therefore, the 
functional unit is: 
! The annual power load profile of a cell tower described in section 4.1.2, 
consuming an average of 15 kWh/day, having a 0.4 and 0.65 kW of base and peak 
load respectively on a daily basis.  
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Figure 4.3 shows the cell tower load profile and the details of it. The reason for using this 
functional unit relies on that both systems have to provide the same power generation to 
the cell tower and meet the power load, so it makes it the suitable functional unit of the 
study. 
4.2.1.3 System Boundaries 
Ideally, an LCA includes all economic and environmental inputs and outputs that 
are part of the product’s life cycle. However, in practice, even with help of the product’s 
developers, it usually turns out to be an impossible task. For this reason, it is necessary to 
define the system boundary and indicate which processes, materials and phases are not 
included in the comparative LCA. In this case, SimaPro 7 Professional is used to carry 
out the LCA. The data used is consequently from the available databases of SimaPro. In 
the comparative LCA, the following product stages are considered: 
 
! Materials used for every assembly/component of the power system1. 
! Transport of the O&M (once a year) of each power system. 
! Fuel required by each system on yearly basis. 
! End of life of each of the systems, considering that all the metals will be recycled. 
 
In both cases the components PV panels and Li-ion batteries are excluded of the 
comparative LCA, i.e. they will cancel each other by using the methodology explained on 
                                                
1 The processes of assembling the components are not considered due to lack of 
information. 
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Section 3.2.2. The libraries contained in SimaPro will be used to develop the Life Cycle 
Inventory (LCI) and Life Cycle Impact Assessment (LCIA). 
 
4.2.2 Inventory Analysis 
This section will provide how the LCI is modeled in SimaPro. The data to create 
the inventory analysis has been collected from diverse journal articles, thesis dissertations, 
book chapters and technical reports (Krewitt, Pehnt, Fischedick & Temming, 2004: Pehnt 
2001; Pehnt, 2003; Department of Energy, 2013; DuPont, 2009). 
4.2.2.1 PEMFC SAPS inventory analysis 
The inventory analysis for PEMFC power system is divided into three phases: 
materials assembly, life cycle use and end of life (recycling). The phase of materials 
assembly has been subdivided into the PEMFC stack and peripheral of the PEMFC on the 
cell tower, as indicated (Pehnt, 2003).  
A few of the materials used in the PEMFC need special mention (Pehnt, 2001); 
the PEMFC stack use platinum due to its catalytic properties, and graphite is used on the 
bipolar plate of the PEMFC and the membrane. Regarding to the peripheral of the cell 
towers, special mention is needed for carbon fiber used on the hydrogen tank. The Bill of 
Materials (BOM) is represented in Table 4.2, which has been produced by collecting 
information from different sources (Kewitt et al., 2004; Pehnt, 2003; Department of 
Energy, 2013; DuPont, 2009).  
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The materials have been chosen from the available selections in the SimaPro 7.1.8 
Professional databases. The selection of materials can be observed in detail in Appendix 
C. 
Table 4.2 BOM of the PEMFC system 
Component Material  Weight Units 
PEMFC (2 kW)       
Stack       
 
Steel alloyed 0.1 kg 
 
Aluminum 0.3 kg 
 
Platinum 0.6 g 
 
Ruthenium 0.15 g 
 
Graphite 4.5 kg 
 
Carbon fiber  0.1 kg 
 
Carbon   0.8 g 
 
Polyvinyl fluoride 1.1 kg 
 
Polytetrafluoroethylene 0.02 kg 
Membrane   0.05 kg 
 
Polymer content (Perfluorosulfonic 
acid/PTFE copolymer in acid) 2.5 g 
 
Water Content 22.5 g 
 
Propanol 22.5 g 
 
Ethanol 2 g 
 
Mixed Ethers 0.5 g 
Electrolyzer       
 
Low-alloy steel 16 kg 
 
Steel alloyed 22 kg 
 
Aluminum 0.8 kg 
 
Titanium dioxide 0.07 kg 
 
Platinum 0.6 g 
 
Activated carbon 0.25 kg 
 
Polystyrene 0.3 kg 
 
Polyethylene 0.9 kg 
Inverter       
 
Aluminum 0.3 kg 
 
Silica 4 g 
 
Plastic 0.02 kg 
 
Copper 6 g 
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Various peripheral components 
 
Low-alloy steel 3.7 kg 
 
Steel alloyed 1.1 kg 
 
Aluminum 1.5 kg 
 
Cast-iron 0.8 kg 
 
Polyethylene 1.5 kg 
 
Polypropylene 0.25 kg 
Peripheral of the PEMFC on the Cell tower     
Pump (Cathode supply)       
 
Steel 1 kg 
Electric Motor (for Pump)       
 
Copper 12 kg 
Shut-off Valve       
 
Brass 90 g 
 
Plastic 10 g 
Valve on the hydrogen 
supply       
 
Brass 100 g 
Pressure reducer for bottle 
side       
 
Brass 700 g 
Humidifier for cathode side       
 
Steel 1000 g 
Electronics       
 
Aluminum 150 g 
 
Ferrite 50 g 
 
Steel 25 g 
 
copper 25 g 
DC/DC converter       
 
Aluminum 300 g 
 
Ferrite 100 g 
 
Steel 50 g 
 
copper 50 g 
Frame/Housing       
 
Aluminum 18 kg 
 
Plastic 2 kg 
Hydrogen tank (350 bar)       
 
High-density polyethylene liner 11.4 kg 
 
Carbon fiber Composite 61.9 kg 
 
Dome Protection 5.2 kg 
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The life cycle use is considered the hydrogen consumption from a membrane and 
the transportation for O&M for a car once a year with 130 km, i.e. for a technician to 
inspect the power system. These processes can be observed in Appendix C. 
The end of life of the power system is considered as recycling 100% of the metals 
involved in the PEMFC power system. Table 4.3 shows the materials to be recycled from 
the PEMFC SAPS in scenarios 1 and 2, which are all the added metal materials from the 
previous Table 4.2. Scenario 2 uses an electrolyzer three times bigger than scenario 1.  
 
Table 4.3 BOM of the PEMFC recycling materials  
  Material Weight Units 
PEMFC recycling scenario I     
 
Low-alloy steel 19.70 kg 
 
Steel alloyed 25.28 kg 
 
Aluminium 21.35 kg 
 
Titanium dioxid 0.07 kg 
 
Platinium 1.20 g 
 
Copper 12.08 kg 
 
Cast-iron 0.80 kg 
 
Brass 190 g 
 
Ferrite 150 g 
PEMFC recycling scenario II     
 
Low-alloy steel 51.7 kg 
 
Steel alloyed 69.275 kg 
 
Aluminium 22.95 kg 
 
Titanium dioxid 0.21 kg 
 
Platinium 2.4 g 
 
Copper 12.093 kg 
 
Cast-iron 2.4 kg 
 
Brass 370 g 
 
Ferrite 350 g 
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4.2.2.2 Diesel power system inventory analysis 
The inventory analysis of the diesel SAPS, as in the PEMFC is divided into three 
phases: materials assembly, life cycle usage and end of life. In this case, scenario 1 and 2 
will be using the same materials, except from the life cycle usage, where the diesel 
consumption will change. 
On the assembly materials inventory analysis, the percentage of the materials used 
in the literature review (Reenaas, 2005) have also been used to scale the weight to the 
desired size (2 kW) that is needed for the diesel system, e.g. cast-iron for the diesel 
engine is 33%, multiplied by our total weight of our system is 10.23 kg of cast-iron.  
The converter is assumed to have the same materials as the PEMFC system; it is 
assumed that diverse peripheral aggregates are used on the diesel system (same as in 
PEMFC). The diesel tank material is urethane used for a standard 1100 liter tank as 
typical in industrial applications (Southern Tool, 2013).  
Table 4.4 BOM of the Diesel system 
Component Material Weight Units 
Diesel (2 kW)       
Engine Cast-Iron 10.23 kg 
 
High grade steel 5.35 kg 
 
Light metal + Alloys 0.16 kg 
Steel Frame       
 
Steel 5.56 kg 
Generator       
 
Copper Alloys 5.09 kg 
 
Steel 5.09 kg 
Inverter       
 
Aluminum 0.30 kg 
 
Silica 4 g 
 
Plastic 0.02 kg 
 
Copper 6 g 
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Various peripheral components     
 
Low-alloy steel 3.7 kg 
 
Steel alloyed 1.1 kg 
 
Aluminum 1.5 kg 
 
Cast-Iron 0.8 kg 
 
Polyethylene 1.5 kg 
 
Polypropylene 0.25 kg 
Peripherals of the Diesel power system on the Cell tower   
Pump (Diesel tank)       
 
Steel 1 kg 
Electric Motor (for Pump)     
 
Copper 12 kg 
Shut-off Valve       
 
Brass 90 g 
 
Plastic 10 g 
Electronics       
 
Aluminum 150 g 
 
Ferrite 50 g 
 
Steel 25 g 
 
copper 25 g 
Frame/Housing       
 
Aluminum 18 kg 
 
Plastic 2 kg 
Diesel fuel tank 1100 L       
 
Urethane  54 kg 
 
For the life cycle usage inventory analysis, fuel consumption is considered to be 
10,337 and 10,508 kWh (used due to the availability of the units on SimaPro) of diesel 
per year for scenarios 1 and 2 respectively, retrieved from HOMER results; the data has 
been extracted from the HOMER analysis, mentioned on section 4.1.5.1. It is assumed 
that a technician would refill the tank once a year and will inspect the power system. 
Because of this, the transport distance for a lorry of between 3.5–7 tons to go to the site is 
estimated to be 130 km. The SimaPro inputs can be observed in Appendix D. 
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The end of life phase, as in the PEMFC system, assumes all the metals involved 
in the diesel power system are recycled. Table 4.5 shows all the added materials and the 
inputs in SimaPro are shown in Appendix D. 
Table 4.5 BOM of the Diesel recycling materials 
 Material Weight Units 
Diesel recycling scenario 
 Cast-iron 11.031 kg 
 High grade steel 13.032 kg 
 Light metal + Alloys 3.857 kg 
 Ferrite 0.050 kg 
 Brass 0.090 kg 
 Copper Alloys 17.123 kg 
 Steel 5.092 kg 
 Aluminum 19.950 kg 
 
4.2.3 Impact Assessment and Interpretation 
Life Cycle Impact Assessment (LCIA) is the third phase of the LCA, where the 
set of results of the inventory analysis are processed and interpreted, in terms of 
environmental impacts. The environmental impacts are expressed in different impact 
categories, which use different category indicators.  
The CML 2 baseline 2000 v 2.04 and Eco-indicator 99 (H) (explained below) 
methods are used to present the LCIA results. The baseline categories are taken from 
Ecoinvent 2.0 and extended with the most important substances. The CML 2 baseline 
2000 method is an updated version from the CML 1992 method. The impact categories of 
the CML method can be observed in the Table 4.6. 
The impact assessment of the CML 2 baseline 2000 is categorized into two steps: 
characterization and normalization. Characterization is expressed in a percentage, in this 
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case between the two SAPS. In the normalization step, the magnitudes of the 
characterization results are calculated relative to reference information. Only the 
characterization step will be addressed in the LCIA. The impact categories will be 
analyzed in a holistic approach; further discussion will be done of the process 
contributors that rely into the impact category of Climate change, Global Warming 
Potential (GWP 100). 
Table 4.6 Impact categories of the CML method (Reenas, 2005) 
 
The Eco-Indicator 99 (H) together with the CML method will be used to confirm 
or deny the hypotheses presented in Section 3.3, by using the single score impact 
assessment step. This method uses different impact categories than CML 2 baseline 2000; 
three broad categories will be used: human health, ecosystem quality and resources. The 
Impact category Units Description
Abiotic depletion Kg Sb eq. Determined for each extraction of minerals and fossil fuels (kg antimony 
equivalents/kg extraction) based on concentration of reserves and rate of 
de-accumulation.
Climate change (GWP 100) Kg CO2 eq. Model developed by Intergovernmental Panel on Climate Change (IPCC). 
Factors expressed as Global Warming Potential for time horizon 100 
years, in kg CO2/kg emission.
Stratospheric Ozone depletion Kg CFC-11 eq. Model developed by the World Meteorological Organisation (WMO) and 
defines ozone depletion potential of different gasses (kg CFC-11 
equivalent/kg emission)
Human toxicity Kg 1.4-DB eq. Describes fate, exposure and effects of toxic substances for an infinite 
time horizon. (1.4-dichlorobenzene equivalents/kg emission)
Fresh water aquatic ecotoxicity Kg 1.4-DB eq Describes fate, exposure and effects of toxic substances
Marine aquatic ecotoxicity Kg 1.4-DB eq Describes fate, exposure and effects of toxic substances
Terrestrial ecotoxicity Kg 1.4-DB eq Describes fate, exposure and effects of toxic substances photochemical 
oxidation Kg C4H2 Emission of substances to air is calculated with the 
UNECE Trajectory model (including fate) and expressed in kg ethylene 
equivalents/kg emission. (Also known as summer smog)
Acidification Kg SO2 eq. Acidification expressed as kg SO2 equivalents/kg emission.
Eutrophication Kg PO4--- eq. Nutrification potential expressed as kg PO2 equivalents/kg emission.
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three broad impact categories can be further subdivided into eleven impact categories; 
however, this study will not consider those categories.  
The weighting will be addressed according to the hierarchist perspective, which 
has a time view balance between short and long term and works according to consensus 
building processes. The hierarchist perspective is based on facts that are backed up by 
scientific and political policy makers such as the IPCC (Goedkoop & Spriensma, 2001).  
There are two other weighting perspectives that are not considered in this research: 
egalitarian and individualist. According to Rooijen (2006), “The egalitarian perspective 
uses the precautionary principle, in case of doubt, an environmental impact is included. 
The individualist perspective includes proven cause-effect relations,” while the 
hierarchist perspective is the one recommended by SimaPro. 
4.2.3.1 First Scenario 
For the first scenario, the PEMFC and diesel backup power systems are sized at 2 
kW. The impact assessment is analyzed in three phases, as mentioned above: materials 
assembly, life cycle usage and end of life. 
The first phase to be analyzed is the materials assembly phase. Appendix E shows 
the results produced by the CML baseline 2000 method for all categories. For every 
impact category, except from the photochemical oxidation, the PEMFC system has more 
environmental impact than the diesel system in the materials assembly phase.  
When the impact category Climate change is observed, the PEMFC system results 
in higher GWP (kg CO2 eq) than the diesel system. If we observe the process contributor, 
the material that has an important environmental load is carbon fiber, which is used by 
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the high pressure hydrogen tank. This material is used in such tanks for its low stress 
ratios and its necessary to prevent dome failures at high pressures (Department of Energy, 
2009). Table 4.7 shows the impact categories of the materials assembly phase.  
Table 4.7 Impact assessment for each impact category of the materials assembly phase 
Impact category Unit PEMFC system Diesel System 
Abiotic depletion kg Sb eq 15.05 4.73 
Acidification kg SO2 eq 23.95 8.96 
Eutrophication kg PO4--- eq 1.46 0.44 
Global warming (GWP100) kg CO2 eq 1345.57 622.68 
Ozone layer depletion (ODP) kg CFC-11 eq 0.003051 2.14E-05 
Human toxicity kg 1,4-DB eq 2700.85 2231.20 
Fresh water aquatic ecotox. kg 1,4-DB eq 232.85 163.98 
Marine aquatic ecotoxicity kg 1,4-DB eq 303545.54 213391.61 
Terrestrial ecotoxicity kg 1,4-DB eq 9.64 7.65 
Photochemical oxidation kg C2H4 0.99 1.68 
 
The second phase to be analyzed is the life cycle usage phase. This phase, as 
mentioned before on inventory analysis section, analyzes the fuel usage of each power 
system and the O&M of each power system, through the time period of one year. The 
diesel system has more environmental impact than the PEMFC as expected, i.e. burns a 
large amount of diesel fuel and the O&M cost is larger as well due to the use of a lorry 
instead of a passenger car.  
Table 4.8 shows the impact assessment for each category on the life cycle usage 
phase. Taking a closer look to the Global warming (GWP100) impact category it can be 
observed that the most single contributor is Diesel, burned in diesel-electric generating 
set, as it can be observed in Appendix E.  
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Table 4.8 Impact assessment for each impact category of the Life Cycle Usage phase 
Impact category Unit PEMFC system Diesel system 
Abiotic depletion kg Sb eq 1.10 21.34 
Acidification kg SO2 eq 0.70 33.96 
Eutrophication kg PO4--- eq 0.06 7.25 
Global warming (GWP100) kg CO2 eq 152.77 3341.06 
Ozone layer depletion (ODP) kg CFC-11 eq 0.00 0.00 
Human toxicity kg 1,4-DB eq 73.07 412.77 
Fresh water aquatic ecotox. kg 1,4-DB eq 16.13 36.24 
Marine aquatic ecotoxicity kg 1,4-DB eq 30273.76 243672.27 
Terrestrial ecotoxicity kg 1,4-DB eq 0.92 2.62 
Photochemical oxidation kg C2H4 0.04 1.10 
 
The last phase to be analyzed is the end of life, where all the metal weight of the 
inventory is added and goes to a disposal scenario where 100% of them are recycled. The 
waste scenario/treatment uses the corresponding percentage of each treatment for 
recycling aluminum/RER U, non-Ferro/RER U and steel and iron/RER U, which added 
together total a recycling percentage of 100%. The tables can be observed in Appendix E. 
The large process contributor of the recycling phase is the aluminum, with 156.8 and 125 
kg CO2 eq, for PEMFC and diesel system, respectively.  
For the scenario 1, the results of the total LCIA can be observed in Appendix E 
and Figure 4.16, where the picture of the three phases are added to their respective 
environmental impacts of each system.  
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Figure 4.16 Total LCIA scenario I2 
4.2.3.2 Second Scenario 
The second scenario due to the fact that is located on a lower solar radiation 
location than the scenario 1, results in some changes to the SAPS. The PEMFC SAPS 
uses an electrolyzer three times larger than in scenario 1, while the diesel SAPS still uses 
the same diesel electric generator system. The same method is used as in scenario 1 CML 
baseline 2000. Three phases are analyzed; materials assembly, life cycle usage and end of 
life. 
The first phase to be assessed is the materials assembly. In this occasion the 
PEMFC system has more environmental impacts than the diesel system, for all of the 
impact categories of the CML method; it can be observed in Appendix F. If the process 
                                                
2 The figure is using the normalization impact assessment, for the characterization impact 
assessment Appendix E should be observed for further units. 
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contribution is observed in the Global warming (GWP100) impact category, the larger 
contributor for the PEMFC system is carbon fiber, as observed in scenario 1. For the 
diesel SAPS, the larger contributor is MDI I, further referenced in Appendix F. 
For the Life Cycle Usage phase, as in the scenario 1, the diesel system has greater 
environmental impacts than the PEMFC system. The largest single contributor for the 
Global warming impact (GWP100) is diesel, burned in the diesel-electric generating set, 
as in scenario 1. Appendix F shows the tables referred to the Life Cycle Usage impact 
assessment.  
Finally, the end of life phase (recycling) is analyzed. The PEMFC system results 
in having more environmental impact, except from Human toxicity and Terrestrial 
ecotoxicity. The single largest contributor in the product processes for the Global 
warming impact category (GWP 100) is the Aluminum, primary, liquid, at plant/ RER U.  
The total LCIA of scenario 1 can be observed in Figure 4.18, which shows as in 
scenario 1, that the environmental impacts of the different impact categories are 
distributed between both SAPS. However, now, both SAPS have more environmental 
impact than in scenario 1 for each category. 
As the environmental impacts are distributed for each system, the use of the 
method Eco-indicator 99 will help to homogenize the results, using a single unit. 
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Figure 4.17 Full LCIA scenario II 
4.2.3.3 Eco-Indicator 99 Life Cycle Impact Assessment analysis 
The Eco-indicator 99 (H) is used because all the impact categories are added into 
one unit on the single score impact assessment. This helps the study in order to make a 
decision of whether or not one SAPS will have more environmental impact than the other. 
In this case, all the phases are included in the LCIA, material assembly, life cycle usage 
and end of life. 
 
In the first scenario, the comparison between the two power systems is established. The 
result shows that the diesel system has more environmental impact than PEMFC system.  
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Figure 4.18 LCIA results from the method Eco-indicator 99 (H) for scenario I 
The process contributor table can be observed in Appendix G. It is observed that 
as before, the largest single contributors are carbon fiber and diesel, burned in diesel-
electric generating set, for PEMFC and diesel SAPS respectively. 
In the second scenario, as in the first, the diesel SAPS has more environmental 
impact than PEMFC system, using the method Eco-indicator 99. The PEMFC system has 
seen to have an increased environmental impact, while the diesel generator remains 
similar to the scenario 1. The largest single contributors for both systems continue to be 
the same as in scenario 1, i.e. carbon fiber and diesel burned in the electric-generator.  
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Figure 4.19 LCIA results from the method Eco-indicator 99 (H) for scenario 2 
 
4.3 Summary 
In this chapter, the results from the HOMER simulation modeling and the SimaPro LCA 
simulations have been presented. Chapter 5 summarizes and describes the results as well 
as answers the research questions. 
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CHAPTER 5. CONCLUSIONS 
5.1 Conclusions and summary of the results 
5.1.1 HOMER optimization simulation 
HOMER as every other software has its limitations. In this case, a better 
optimization of scenario 2 might have been done applying a custom algorithm to dispatch 
the diesel generator and Polymer Electrolyte Membrane Fuel Cell (PEMFC) stack, 
explained in Section 4.1.5. In both configurations, the systems had been oversized on the 
PV array side in order to meet the power load of the cell tower. Changing the 
optimization algorithm (Nelson et al., 2006) or using a different package might have 
improved the simulations by coordinating the power sources, energy storage and load, 
instead of being optimized by the total Net Present Cost (NPC).  
Both scenarios and systems use the Li-ion battery wisely; however, the hydrogen 
tank is used poorly in the PEMFC SAPS’s configurations, i.e. tank storage level is full 
from April through October. The use of short backup systems, e.g. Li-ion batteries, as 
recommended in the literature review (Sevencan et. al, 2013), results in a poor use of the 
principal backup system, which are the PEMFC and diesel electric generator. 
In both scenarios 1 and 2, better optimization of the PEMFC stack utilization 
would result in a decrease of the PV array size requirements to meet the cell tower power 
load. Due to the excess of electricity is produced on a daily basis, mentioned in Section 
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4.1.5 (observed in HOMER optimization plot charts). The better optimization of the 
PEMFC stack, specifically the use of hydrogen during the summer, could reduce the PV 
array, however, this can lead to reliability problems during the winter. A smaller PV 
array would lead to more use of fuel in the diesel SAPS scenarios, which consequently 
would have increased the environmental impact of the mentioned SAPS.  
 
5.1.2 LCA interpretations and results 
The results reveal from the previous analyses with the CML 2 baseline 2000 and 
Eco-indicator 99 (H) methods that the materials and processes with greater environmental 
impact (largest single contributors) are the carbon fiber tank and the diesel fuel burned in 
the diesel electric generator, for the PEMFC and diesel system, respectively (for further 
data consult Appendix E, F & G).  
Furthermore, the use of platinum, located in the PEMFC system, needs special 
attention (Eco-indicator 99 method) specifically in the PEMFC stack, being used only 1.2 
g (scenario 1) and 2.4 g (scenario 2), this has a large environmental impact on the 
PEMFC as a single contributor. As Pehnt indicates,	  this material is mined in few 
locations, such as South Africa, and the extraction of platinum derives from the 
extraction of other materials, such as copper, unleashing major environmental impacts by 
their extraction (Pehnt, 2001).  
From the group of metals, Aluminum (CML 2 method) is always present in both 
systems (and scenarios) as a large process contributor for the impact category of GWP, 
measured in kg CO2 eq.  
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5.1.2.1 First scenario 
There is not an obvious best choice, for the LCA results using the CML method, 
because while the PEMFC system has lower environmental impact, on Abiotic depletion, 
Eutrophication, Global warming (GWP100), Human toxicity and Terrestrial ecotoxicity; 
the diesel system would into lower environmental impacts regarding to the other 
processes. But if Global Warning impact category is being chosen as the sole 
environmental impact criteria, then the PEMFC system would be the ideal candidate to 
provide power generation for our cell tower. The SAPS produce 2,515 and 4,656 kg CO2 
eq for the PEMFC and diesel systems respectively. 
5.1.2.2 Second scenario 
As in the first scenario, the PEMFC system has lower environmental impacts than 
the diesel system in the same impact categories. As a consequence, there is not an 
obvious choice of which SAPS has lower environmental impacts, unless a specific 
criteria is chosen. If Global warming (GWP100) is chosen as the environmental impact 
criteria, then the PEMFC system would be more environmentally friendly than the diesel 
system releasing 3,174 versus 4,710 of kg CO2 eq respectively. 
5.1.2.3 Eco-Indicator 99 (H) Single score analysis 
Finally, this method is chosen to avoid the weighting problems discussed in the 
previous sections by avoiding the choice of a single environmental impact category as the 
decision criteria. The single score uses the same unit for each impact category, and all 
impact categories are added together. In both scenarios, the results of the Life Cycle 
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Impact Assessment (LCIA) indicate that the PEMFC system appears to have lower 
environmental impacts than the diesel system.  
 
5.2 Discussions 
Regarding the first research question with respect to PEMFC-based 
configurations, one of the environmental impacts hidden into SAPS for remote cell sites 
include the materials and processes associated with carbon fiber used in the high-pressure 
hydrogen tank as a large contributor, accounting for 27% and 23% of the total 
environmental impact (Eco-indicator 99) for the PEMFC SAPS in scenarios 1 and 2, 
respectively. A reduction on the use of carbon fiber on the hydrogen tank would 
dramatically reduce the environmental impact of such systems. The use of different 
hydrogen tanks such as metal hydride would not be beneficial due to the use of 
lanthanum compounds (Sevencan et al., 2013). Another large contributor for the PEMFC 
SAPS configurations is platinum. Platinum is used in the PEMFC because of its catalytic 
properties, however, the size of the applications, such as the one in this study are 
relatively small, in comparison to other applications. For example, the automotive 
industry is pushing this technology as a substitute of the Internal Combustion Engine 
(ICE) and the trend of these fuel cells is to be widely used in the future. Environmental 
concerns arise with the inclusion of the production of platinum. In our scenarios, the 
environmental impact of platinum is reflected on the extraction of copper as platinum 
group metal production, with a total environmental impact (Eco-indicator 99) of 23% and 
14% over the PEMFC SAPS in scenarios 1 and 2, respectively.  
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Regarding the first research question of the environmental impacts hidden into 
stand-alone power systems for remote cell sites in diesel SAPS configurations, diesel fuel 
is the largest contributor of the environmental impact of the SAPS. The fuel is used to 
produce electricity as a primary backup power system, which has benefits for the 
reliability of the system, but results in significant environmental impacts. The diesel 
burned in the electric generator accounts for 32% of the environmental impact (Eco-
indicator 99) of the diesel-based SAPS. 
As mentioned previously in the literature review, it is suggested (Sevencan et al., 
2013) that Li-ion batteries are used to diminish the environmental impact, and without 
them, the utilization of the PEMFC’s stack or diesel generator respectively would 
increase, resulting in a larger environmental impact. However, regarding the functionality 
and proper optimization of the configurations, the use of such short backup power 
systems (batteries) causes poor use of the primary backup systems, e.g., PEMFC and 
diesel. Alternatively, the use of batteries may further reduce the environmental impact, as 
supported by the PEMFC system results having a lower single score (Eco-indicator 99 
method) than the diesel system.  
Nevertheless, in a further analysis, the Li-ion batteries and the PV panels should 
be included for a further comparison. The design of the two systems has avoided the 
inclusion of these in the Life Cycle Inventory, but an accurate optimization of such 
systems would not have the same number of solar PV power load and Li-ion batteries in 
both configurations or scenarios. A comparison between Sevencan (2013) and this study 
cannot be established without the use of the same LCI; nevertheless, this study concludes 
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that using Li-ion batteries reduces the environmental impacts of the proposed power 
systems.  
Finally, this research rejects the null hypothesis, and accepts the alternative 
hypothesis (Section 3.3), which claims that the use of PEMFC as primary backup systems 
in remote telecommunication cell towers leads to lower environmental impacts over the 
traditionally used diesel electric generator sets in such applications; answering the second 
research question, which of the proposed SAPS is more environmentally friendly. This 
conclusion is supported in Table 5.1. This conclusion derives from using the CML 
baseline 2000 and Eco-indicator 99 (H) methods, as well as the Global Warming 
Potential (GWP) and the single score as indicators or cut-off criteria. The user or policy 
maker should take into consideration the convenient cut-off criteria. However, this study 
does provide sufficient data to support such decisions in the future (referred to Appendix 
E, F and G). 
Table 5.1 Summary of the comparative LCA results 
  PEMFC system Diesel System Percentage3 Unit Method 
Scenario 1 2514.7 4656.1 46.0% kgCO2eq CML baseline 2000 
Scenario 2 3174.0 4710.3 32.6% kgCO2eq CML baseline 2000 
Scenario 1 390.6 671.4 41.8% Pt Eco-indicator 99 
Scenario 2 461.6 678.9 32.0% Pt Eco-indicator 99 
 
 
 
                                                
3 Percentage of the reductions in environmental impacts of the PEMFC system with 
respect to the diesel system. 
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5.3 Recommendations and future work 
1. A better optimization of the use of hydrogen on the high-pressure hydrogen tank, 
would result in less PV solar panels, using a custom algorithm that would dispatch 
the energy of the primary backup systems.  
2. Even though the economics of the components are referenced and well 
documented, a closer look at O&M and system capital costs, such as installation 
of the equipment or CO2 emissions penalties, should be considered in the future. 
These are not being considered as the scope of this study does not include a 
thorough economically analysis, but focused on the environmental analysis. 
3. A risk assessment between the two stand-alone power systems can help support 
the environmentally friendly choice between the two power systems. The risk 
assessment analysis could address the impact of having to store large amounts of 
fuels in a remote location and study the electric reliability of both systems.  
4. In further work, the Life Cycle Inventory (LCI) should be further developed, e.g., 
collaboration with industry partners should be done in order to obtain accurate 
data. Including manufacturing processes, materials not recorded in this work, 
operations not captioned due to lack of information or in general missing 
information. However, this problem is found in most Life Cycle Assessments 
(LCA), and accuracy of the data will be a part of the problem dealing with LCA. 
5. In a further work, other weighting methods can be used to carry out the 
comparative LCA, which may lead to different results than obtained in this study. 
6. Research in alternative materials used in the PEMFC systems could lead to a 
more environmentally friendly technology. Specially, platinum and carbon fiber. 
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However, it is understood that they are used because of their specific 
characteristics in each case.  
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Appendix A: PEMFC Fuel curve calculation 
HOMER calculates the fuel curve efficiency depending on the power output (kW) 
and the mass flow of the fuel (kg/hr) as shows equation A.1. 𝜂!"# =    !.!·!!"#!!"#$·!"#!"#$    (A.1) 
Where Pgen is the electrical output in kW, mfuel is the mass flows rate4 of the fuel 
in kg/hr and LHVfuel is the lower heating value (a measure of energy content) of the fuel 
(hydrogen) in MJ/kg. The factor of 3.6 arises because 1kWh = 3.6 MJ. 
Data of the mfuel and Pgen  have been extracted from a study of the same size of 
PEM fuel cell (1.2 kW) (Yilanci, Ozturk, Atalay & Dincer, 2007), which has recorded 
data from different mass flow and power output.  
 
Figure A.1 Fuel cell consumption data (Yilanci et al. 2007) 
                                                
4 Note that in order to obtain the required units of mass flow the ideal gas law has been 
used. 
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Appendix B: Homer simulation results summary 
Table B.1 HOMER optimization results  
PEMFC backup system in Southern California5 
PV (kW) FC (kW) G6200 Electrolyzer (kW) Hydrogen tank (kg) Initial capital Operating cost ($/yr) Total NPC LCOE ($/kWh) FC (hrs) 
8 2 1 2 5.8 $29,042  138 $30,763  0.453 2,210 
PEMFC backup system in Montana6 
PV (kW) FC (kW) G6200 Electrolyzer (kW) Hydrogen tank (kg) Initial capital Operating cost ($/yr) Total NPC LCOE ($/kWh) FC (hrs) 
11 2 1 6 5.8 $39,042  193 $41,446  0.61 2,432 
Diesel backup system in Southern California 
PV (kW) Label (kW) G6200 Converter (kW) Diesel (L) Initial capital Operating cost ($/yr) Total NPC LCOE ($/kWh) Label (hrs) 
7 2 1 1 1,051 $20,750  1,363 $37,740  0.553 2,380 
Diesel backup system in Montana 
PV (kW) Label (kW) G6200 Converter (kW) Diesel (L) Initial capital Operating cost ($/yr) Total NPC LCOE ($/kWh) Label (hrs) 
11 2 1 1 1068 $26,750  1,390 $44,071  0.668 2,484 
 
HOMER optimization results for every scenario and stand-alone power systems according to the described in section 4.1. 
                                                
5 Coordinates 33º19’ N, 115º49’ W 
6 Coordinates 48º41’ N, 113º43’ W 
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Appendix C: PEMFC power system Inventory Analysis on SimaPro 
Table C.1 Inventory Analysis used in SimaPro for Life cycle usage and End of life phases. 
 
 
 
 
Life cycle Usage Scenario I
Transport
Passenger car W-Europe ETH U 130 km ETH-ESU 96 unit processes
Fuel
Hydrogen, liquid, membrane cell, at plant/RER U 137 kg Ecoinvent unit processes
Life cycle Usage Scenario II
Transport
Passenger car W-Europe ETH U 130 km ETH-ESU 96 unit processes
Fuel
Hydrogen, liquid, membrane cell, at plant/RER U 139 kg Ecoinvent unit processes
End of life (recycling)
PEMFC power system recycling scenario I
Steel, low-alloyed, at plant/RER U 19.70 kg Ecoinvent unit processes
Steel high alloy ETH U 25.28 kg ETH-ESU 96 unit processes
Aluminum, primary, at plant/RER U 21.35 kg Ecoinvent unit processes
Titanium I 0.07 kg IDEMAT 2001
Platinum, at regional storage/RER U 1.20 g Ecoinvent unit processes
Copper, at regional storage/RER U 12.08 kg Ecoinvent unit processes
Cast-iron, at plant/RER U 0.80 kg Ecoinvent unit processes
Brass, at plant/CH U 190 g Ecoinvent unit processes
Ferrite, at plant/GLO U 150 g Ecoinvent unit processes
PEMFC power system recycling scenario II
Steel, low-alloyed, at plant/RER U 51.7 kg Ecoinvent unit processes
Steel high alloy ETH U 69.275 kg ETH-ESU 96 unit processes
Aluminum, primary, at plant/RER U 22.95 kg Ecoinvent unit processes
Titanium I 0.21 kg IDEMAT 2001
Platinum, at regional storage/RER U 2.4 g Ecoinvent unit processes
Copper, at regional storage/RER U 12.093 kg Ecoinvent unit processes
Cast-iron, at plant/RER U 2.4 kg Ecoinvent unit processes
Brass, at plant/CH U 370 g Ecoinvent unit processes
Ferrite, at plant/GLO U 350 g Ecoinvent unit processes
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Table C.2 Inventory Analyisis in SimaPro for materials assembly phase. 
 
Phase Component Material in Simapro Weight Units Database
Materials Assembly
PEMFC (2 kW)
Stack
Steel, low-alloyed, at plant/RER U 0.1 kg Ecoinvent unit processes
Aluminum, primary, at plant/RER U 0.3 kg Ecoinvent unit processes
Platinum, at regional storage/RER U 0.6 g Ecoinvent unit processes
Graphite, at plant /RER U 4.5 kg Ecoinvent unit processes
Carbon fiber I 0.1 kg IDEMAT 2001
Carbon black, at plant/GLO U 0.8 g Ecoinvent unit processes
Polyvinylfluoride film/US U 1.1 kg Ecoinvent unit processes
Tetrafluorethylene, at plant/RER U 0.02 kg Ecoinvent unit processes
Membrane 0.05 kg
Tetrafluorethylene, at plant/RER U 2 g Ecoinvent unit processes
Water, ultrapure, at plant/GLO U 22.5 g Ecoinvent unit processes
Propanal, at plant/RER U 22.5 g Ecoinvent unit processes
Ethanol from ethylene, at plant/RER U 2.5 g Ecoinvent unit processes
2-methyl-1-butanol, at plant/RER U 0.5 g Ecoinvent unit processes
Electrolyzer
Steel, low-alloyed, at plant/RER U 16 Kg Ecoinvent unit processes
Steel high alloy ETH U 22 Kg ETH-ESU 96 unit processes
Aluminum, primary, at plant/RER U 0.8 Kg Ecoinvent unit processes
Titanium I 0.07 Kg IDEMAT 2001
Platinum, at regional storage/RER U 0.6 g Ecoinvent unit processes
Carbon black, at plant/GLO U 0.25 Kg Ecoinvent unit processes
Polystyrene, general purpose, GPPS, at plant/RER U 0.3 Kg Ecoinvent unit processes
Polyethylene, HDPE, granulate, at plant/RER U 0.9 Kg Ecoinvent unit processes
Inverter
Aluminum, primary, at plant/RER U 0.3 kg Ecoinvent unit processes
Silicon, pc, future, casted, at plant/RER U 4 g Ecoinvent unit processes
Polystyrene, general purpose, GPPS, at plant/RER U 0.02 kg Ecoinvent unit processes
Copper, at regional storage/RER U 6 g Ecoinvent unit processes
Various peripheral aggregates
Steel, low-alloyed, at plant/RER U 3.7 kg Ecoinvent unit processes
Steel high alloy ETH U 1.1 kg ETH-ESU 96 unit processes
Aluminum, primary, at plant/RER U 1.5 kg Ecoinvent unit processes
Cast-iron, at plant/RER U 0.8 kg Ecoinvent unit processes
Polyethylene, HDPE, granulate, at plant/RER U 1.5 kg Ecoinvent unit processes
Polypropylene, granulate, at plant/RER U 0.25 kg Ecoinvent unit processes
Peripheral of the PEMFC on the Cell tower
Pump (Cathode supply)
Steel, low-alloyed, at plant/RER U 1 kg Ecoinvent unit processes
Electric Motor (for Pump)
Copper, at regional storage/RER U 12 kg Ecoinvent unit processes
Shut-off Valve
Brass, at plant/CH U 90 g Ecoinvent unit processes
PVC pipe E 10 g Ecoinvent unit processes
Valve on the hydrogen supply
Brass, at plant/CH U 100 g Ecoinvent unit processes
Pressure reducer for bottle side
Brass, at plant/CH U 700 g Ecoinvent unit processes
Humidifier for cathode side
Steel, low-alloyed, at plant/RER U 1000 g Ecoinvent unit processes
Electronics
Aluminum, primary, at plant/RER U 150 g Ecoinvent unit processes
Ferrite, at plant/GLO U 50 g Ecoinvent unit processes
Steel, low-alloyed, at plant/RER U 25 g Ecoinvent unit processes
Copper, at regional storage/RER U 25 g Ecoinvent unit processes
DC/DC converter
Aluminum, primary, at plant/RER U 300 g Ecoinvent unit processes
Ferrite, at plant/GLO U 100 g Ecoinvent unit processes
Steel, low-alloyed, at plant/RER U 50 g Ecoinvent unit processes
Copper, at regional storage/RER U 50 g Ecoinvent unit processes
Frame/Housing
Aluminum, primary, at plant/RER U 18 kg Ecoinvent unit processes
General purpose polystyrene (GPS) E 2 kg Industry data 2.0
Hydrogen tank (350 bar)
Polyethylene, HDPE, granulate, at plant/RER U 11.4 kg Ecoinvent unit processes
Carbon fiber I 61.9 kg IDEMAT 2001
Polyurethane, rigid foam, at plant/RER U 5.2 kg Ecoinvent unit processes
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Appendix D: Diesel power system Inventory Analysis on SimaPro 
Table D.1 Inventory Analysis in SimaPro materials assembly phase. 
 
 
Phase Component Material in Simapro Weight Units Database
Materials Assembly
Diesel (2 kW)
Engine
GGG60 I 10.23 kg IDEMAT 2001
42CrMo4 I 5.35 kg IDEMAT 2001
AlCuMg2 0.16 kg IDEMAT 2001
Steel Frame
St13 I 5.56 kg IDEMAT 2001
Generator
CuZn40 I 5.09 kg IDEMAT 2001
Fe520 I 5.09 kg IDEMAT 2001
Inverter/Rectifier
Aluminum, primary, at plant/RER U 0.30 kg Ecoinvent unit processes
Silicon, pc, future, casted, at plant/RER U 4 g Ecoinvent unit processes
Polystyrene, general purpose, GPPS, at plant/RER U 0.02 kg Ecoinvent unit processes
Copper, at regional storage/RER U 6 g Ecoinvent unit processes
Various peripheral aggregates
Steel, low-alloyed, at plant/RER U 3.70 kg Ecoinvent unit processes
Steel high alloy ETH U 1.10 kg ETH-ESU 96 unit processes
Aluminum, primary, at plant/RER U 1.50 kg Ecoinvent unit processes
Cast-iron, at plant/RER U 0.80 kg Ecoinvent unit processes
Polyethylene, HDPE, granulate, at plant/RER U 1.50 kg Ecoinvent unit processes
Polypropylene, granulate, at plant/RER U 0.25 kg Ecoinvent unit processes
Peripherals of the Diesel genset on the Cell tower
Pump (Diesel tank)
Steel, low-alloyed, at plant/RER U 1 kg Ecoinvent unit processes
Electric Motor (for Pump)
Copper 12 kg
Shut-off Valve
Brass, at plant/CH U 90 g Ecoinvent unit processes
PVC pipe E 10 g Ecoinvent unit processes
Electronics
Aluminum, primary, at plant/RER U 150 g Ecoinvent unit processes
Ferrite, at plant/GLO U 50 g Ecoinvent unit processes
Steel, low-alloyed, at plant/RER U 25 g Ecoinvent unit processes
Copper, at regional storage/RER U 25 g Ecoinvent unit processes
Frame/Housing
Aluminum, primary, at plant/RER U 18 kg Ecoinvent unit processes
General purpose polystyrene (GPS) E 2 kg Industry data 2.0
Diesel fuel tank 1000 L
PUR Rigid Foam I 54 kg IDEMAT 2001
  
78 
78 
Table D.1 Inventory Analysis in SimaPro life cycle usage and end of life phases. 
 
 
 
Life cycle Usage I
Transport
Operation, lorry 3.5-7.5t, EURO 4/RER U 130 km Ecoinvent unit processes
Fuel
Diesel in diesel generator offshore U 10,337 kWh Ecoinvent unit processes
Life cycle Usage I
Transport
Operation, lorry 3.5-7.5t, EURO 4/RER U 130 km Ecoinvent unit processes
Fuel
Diesel in diesel generator offshore U 10,508 kWh Ecoinvent unit processes
End of life (recycling)
Diesel recycling scenario 
Cast-iron, at plant/RER U 11.03 kg Ecoinvent unit processes
Steel high alloy ETH U 13.03 kg ETH-ESU 96 unit processes
Steel, electric, un-and low-alloyed, at plant/RER U 3.86 kg Ecoinvent unit processes
Ferrite, at plant/GLO U 0.05 kg Ecoinvent unit processes
Brass, at plant/CH U 0.09 kg Ecoinvent unit processes
Copper, at regional storage/RER U 17.12 kg Ecoinvent unit processes
Steel, low-alloyed, at plant/RER U 5.09 kg Ecoinvent unit processes
Aluminum, primary, at plant/RER U 19.95 kg Ecoinvent unit processes
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Appendix E: Comparative LCIA scenario I results from SimaPro 
This appendix shows the impact assessment of the scenario I, assessed by the method 
CML 2 baseline 2001 V 2.04/ World 1990.  
Materials Assembly 
Table E1. Impact assessment for each impact category of the Materials Assembly phase 
Impact category Unit PEMFC system Diesel System 
Abiotic depletion kg Sb eq 15.05 4.73 
Acidification kg SO2 eq 23.95 8.96 
Eutrophication kg PO4--- eq 1.46 0.44 
Global warming (GWP100) kg CO2 eq 1345.57 622.68 
Ozone layer depletion (ODP) kg CFC-11 eq 0.003051 2.14E-05 
Human toxicity kg 1,4-DB eq 2700.85 2231.20 
Fresh water aquatic ecotox. Kg 1,4-DB eq 232.85 163.98 
Marine aquatic ecotoxicity kg 1,4-DB eq 303545.54 213391.61 
Terrestrial ecotoxicity kg 1,4-DB eq 9.64 7.65 
Photochemical oxidation kg C2H4 0.99 1.68 
 
Table E2. Materials assembly process contribution impact assessment7, expressed in kg 
CO2 eq. 
No Process Project 
PEMFC 
system 
Diesel 
System 
 
Total of all processes 
 
1345.57 622.68 
 
Remaining processes 
 
324.63 183.03 
1 Aluminum, primary, liquid, at plant/RER U Ecoinvent unit processes 73.18 68.30 
2 Carbon fiber I IDEMAT 2001 780.57 x 
3 Copper I IDEMAT 2001 x 21.97 
4 Hard coal, burned in power plant/DE U Ecoinvent unit processes 33.18 28.77 
5 Hard coal, burned in power plant/ES U Ecoinvent unit processes 13.63 11.60 
6 
Light fuel oil, burned in industrial furnace 
1MW, non-modulating/CH U Ecoinvent unit processes 25.78 24.04 
7 Lignite, burned in power plant/DE U Ecoinvent unit processes 17.77 13.37 
8 MDI I IDEMAT 2001 x 177.52 
9 
Natural gas, burned in industrial furnace 
>100kW/RER U Ecoinvent unit processes 17.25 6.84 
10 Natural gas, burned in power plant/UCTE U Ecoinvent unit processes 12.35 11.30 
11 Polyether-polyols I IDEMAT 2001 x 72.02 
12 
Polyethylene, HDPE, granulate, at plant/RER 
U Ecoinvent unit processes 26.46 2.92 
                                                
7 Cut-off criteria of 1% 
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13 Residual oil Europe in boiler 1MW U ETH-ESU 96 Unit processes 20.78 0.99 
 
Life Cycle Usage 
Table E3. Life Cycle Usage phase process contribution impact assessment8, expressed in 
kg CO2 eq. 
No Process Project 
PEMFC 
system 
Diesel 
system 
 
Total of all processes 
 
152.77 3341.06 
 
Remaining processes 
 
149.68 235.00 
1 
Diesel, burned in diesel-electric 
generating set/GLO U Ecoinvent unit processes 0.40 2848.41 
2 
Heavy fuel oil, burned in refinery 
furnace/MJ/RER U Ecoinvent unit processes 0.60 51.69 
3 
Natural gas, sweet, burned in production 
flare/MJ/GLO U Ecoinvent unit processes 0.79 37.19 
4 Operation, lorry 3.5-7.5t, EURO4/RER U Ecoinvent unit processes x 56.94 
5 
Refinery gas, burned in furnace/MJ/RER 
U Ecoinvent unit processes 1.30 111.83 
 
End of Life (recycling) 
Table E4. Impact assessment for each impact category of the End of life phase. 
 
 
 
 
                                                
8 Cut-off criteria of 1% 
Impact category Unit PEMFC system Diesel system
Abiotic depletion kg Sb eq 6.92 4.60
Acidification kg SO2 eq 81.69 16.58
Eutrophication kg PO4--- eq 0.40 0.38
Global warming (GWP100) kg CO2 eq 1016.37 692.39
Ozone layer depletion (ODP) kg CFC-11 eq 0.0001958 0.0001003
Human toxicity kg 1,4-DB eq 3279.52 5065.14
Fresh water aquatic ecotox. kg 1,4-DB eq 556.01 340.04
Marine aquatic ecotoxicity kg 1,4-DB eq 645557.24 466763.55
Terrestrial ecotoxicity kg 1,4-DB eq 10.59 19.77
Photochemical oxidation kg C2H4 3.46 0.78
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Table E5. End of Life phase process contribution impact assessment9, expressed in kg 
CO2 eq. 
 
Total LCIA of scenario I 
Table E6. Impact assessment for each impact category of the total LCIA. 
 
 
                                                
9 Cut-off criteria of 3% 
No Process Project PEMFC systemDiesel system
Total of all processes 1016.37 692.39
Remaining processes 611.56 402.53
1 Aluminium, primary, liquid, at plant/RER U Ecoinvent unit processes 156.80 125.08
2 Crude iron ETH U ETH-ESU 96 Unit processes 42.37 18.59
3 Hard coal, burned in power plant/DE U Ecoinvent unit processes 68.13 54.12
4 Light fuel oil, burned in industrial furnace 1MW, non-modulating/CH U Ecoinvent unit processes 55.00 44.12
5 Lignite, burned in power plant/DE U Ecoinvent unit processes 33.63 26.52
6 Residual oil Europe in boiler 1MW U ETH-ESU 96 Unit processes 48.87 21.44
Impact category Unit PEMFC system Diesel System
Abiotic depletion kg Sb eq 23.08 30.67
Acidification kg SO2 eq 106.34 59.50
Eutrophication kg PO4--- eq 1.92 8.07
Global warming (GWP100) kg CO2 eq 2514.71 4656.13
Ozone layer depletion (ODP) kg CFC-11 eq 0.0032584 0.0005357
Human toxicity kg 1,4-DB eq 6053.44 7709.11
Fresh water aquatic ecotox. kg 1,4-DB eq 805.00 540.26
Marine aquatic ecotoxicity kg 1,4-DB eq 979376.54 923827.43
Terrestrial ecotoxicity kg 1,4-DB eq 21.16 30.05
Photochemical oxidation kg C2H4 4.48 3.56
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Appendix F: Comparative LCIA scenario II results from SimaPro 
This appendix shows the impact assessment of the scenario II, assessed by the method 
CML 2 baseline 2001 V 2.04/ World 1990.  
Materials Assembly 
Table F1 Impact assessment for each impact category of the Materials Assembly phase 
 
Table F2. Materials assembly process contribution impact assessment10, expressed in kg 
CO2 eq.  
 
 
 
                                                
10 Cut-off criteria of 2% 
Impact category Unit PEMFC system Diesel System
Abiotic depletion kg Sb eq 17.98 4.73
Acidification kg SO2 eq 46.71 8.96
Eutrophication kg PO4--- eq 1.59 0.44
Global warming (GWP100) kg CO2 eq 1719.02 622.68
Ozone layer depletion (ODP) kg CFC-11 eq 0.0031814 0.0000214
Human toxicity kg 1,4-DB eq 3316.11 2231.20
Fresh water aquatic ecotox. kg 1,4-DB eq 347.19 163.98
Marine aquatic ecotoxicity kg 1,4-DB eq 469458.32 213391.61
Terrestrial ecotoxicity kg 1,4-DB eq 12.77 7.65
Photochemical oxidation kg C2H4 1.96 1.68
No Process Project PEMFC system Diesel System
Total of all processes 1719.02 622.68
Remaining processes 681.40 250.18
1 Aluminium, primary, liquid, at plant/RER U Ecoinvent unit processes 78.74 68.30
2 Carbon fibre I IDEMAT 2001 780.57 x
3 Crude iron ETH U ETH-ESU 96 Unit processes 52.33 0.86
4 Hard coal, burned in power plant/DE U Ecoinvent unit processes 37.89 28.77
5 Light fuel oil, burned in industrial furnace 1MW, non-modulating/CH U Ecoinvent unit processes 27.75 24.04
6 MDI I IDEMAT 2001 x 177.52
7 Polyether-polyols I IDEMAT 2001 x 72.02
8 Residual oil Europe in boiler 1MW U ETH-ESU 96 Unit processes 60.35 0.99
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Life Cycle Usage  
Table F3. Impact assessment for each impact category of the Life Cycle Usage phase. 
 
Table F4. Life Cycle Usage phase process contribution impact assessment11, expressed in 
kg CO2 eq. 
 
 
 
 
 
 
 
 
                                                
11 Cut-off criteria of 1% 
Impact category Unit PEMFC system Diesel system
Abiotic depletion kg Sb eq 1.12 21.68
Acidification kg SO2 eq 0.71 34.52
Eutrophication kg PO4--- eq 0.06 7.37
Global warming (GWP100) kg CO2 eq 154.66 3395.21
Ozone layer depletion (ODP) kg CFC-11 eq 0.0000116 0.0004207
Human toxicity kg 1,4-DB eq 73.96 419.49
Fresh water aquatic ecotox. kg 1,4-DB eq 16.35 36.83
Marine aquatic ecotoxicity kg 1,4-DB eq 30682.50 247644.73
Terrestrial ecotoxicity kg 1,4-DB eq 0.94 2.66
Photochemical oxidation kg C2H4 0.04 1.12
No Process Project PEMFC system Diesel system
Total of all processes 154.66 3395.21
Remaining processes 151.55 238.78
1 Diesel, burned in diesel-electric generating set/GLO U Ecoinvent unit processes 0.40 2895.52
2 Heavy fuel oil, burned in refinery furnace/MJ/RER U Ecoinvent unit processes 0.60 52.53
3 Natural gas, sweet, burned in production flare/MJ/GLO U Ecoinvent unit processes 0.79 37.77
4 Operation, lorry 3.5-7.5t, EURO4/RER U Ecoinvent unit processes x 56.94
5 Refinery gas, burned in furnace/MJ/RER U Ecoinvent unit processes 1.31 113.66
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End of Life (Recycling) 
Table F5. Impact assessment for each impact category of the End of life phase. 
 
Table F6 End of Life phase process contribution impact assessment12, expressed in kg 
CO2 eq. 
 
 
 
 
 
 
 
                                                
12 Cut-off criteria of 2% 
Impact category Unit PEMFC system Diesel system
Abiotic depletion kg Sb eq 9.36 4.60
Acidification kg SO2 eq 89.38 16.58
Eutrophication kg PO4--- eq 0.49 0.38
Global warming (GWP100) kg CO2 eq 1300.28 692.39
Ozone layer depletion (ODP) kg CFC-11 eq 0.0003459 0.0001003
Human toxicity kg 1,4-DB eq 3374.52 5065.14
Fresh water aquatic ecotox. kg 1,4-DB eq 545.28 340.04
Marine aquatic ecotoxicity kg 1,4-DB eq 700875.74 466763.55
Terrestrial ecotoxicity kg 1,4-DB eq 12.79 19.77
Photochemical oxidation kg C2H4 3.81 0.78
No Process Project PEMFC system Diesel system
Total of all processes 1300.28 692.39
Remaining processes 690.71 373.89
1 Aluminium 0% recycled ETH U ETH-ESU 96 Unit processes 52.89 11.55
2 Aluminium, primary, liquid, at plant/RER U Ecoinvent unit processes 123.60 125.08
3 Crude iron ETH U ETH-ESU 96 Unit processes 85.10 18.59
4 Hard coal, burned in power plant/DE U Ecoinvent unit processes 55.72 54.12
5 Industrial coal furnace 1-10MW U ETH-ESU 96 Unit processes 52.65 11.50
6 Light fuel oil, burned in industrial furnace 1MW, non-modulating/CH U Ecoinvent unit processes 43.38 44.12
7 Natural gas furnace >100kW Europe U ETH-ESU 96 Unit processes 50.55 11.04
8 Pig iron, at plant/GLO U Ecoinvent unit processes 47.53 21.07
9 Residual oil Europe in boiler 1MW U ETH-ESU 96 Unit processes 98.15 21.44
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Total LCIA of scenario II 
Table F7. Impact assessment for each impact category of the total LCIA. 
 
 
Impact category Unit PEMFC system Diesel system
Abiotic depletion kg Sb eq 28.46 31.01
Acidification kg SO2 eq 136.79 60.06
Eutrophication kg PO4--- eq 2.14 8.19
Global warming (GWP100) kg CO2 eq 3173.97 4710.28
Ozone layer depletion (ODP) kg CFC-11 eq 0.0035390 0.0005424
Human toxicity kg 1,4-DB eq 6764.59 7715.84
Fresh water aquatic ecotox. kg 1,4-DB eq 908.82 540.85
Marine aquatic ecotoxicity kg 1,4-DB eq 1201016.56 927799.89
Terrestrial ecotoxicity kg 1,4-DB eq 26.51 30.09
Photochemical oxidation kg C2H4 5.81 3.58
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Appendix G: Comparative LCIA scenario I & II, Single Score results from SimaPro 
This appendix shows the process contributors of single score impact assessment of 
scenario I and II, assessed by the method Eco-Indicator 99 (H).  
Table G1 Total LCIA process contributors13 scenario 1, units Pt 
 
Table 2 Total LCIA process contributors14 scenario 2, units Pt. 
 
 
                                                
13 Cut-off criteria 1% 
14 Cut-off criteria 1% 
No Process Project PEMFC system Diesel system
Total of all processes 390.62 671.42
Remaining processes 101.18 128.39
1 Bauxite, at mine/GLO U Ecoinvent unit processes 10.25 8.60
2 Carbon fibre I IDEMAT 2001 104.62 x
3 Copper concentrate, at beneficiation/RER U Ecoinvent unit processes 7.14 22.75
4 Copper concentrate, at beneficiation/RLA U Ecoinvent unit processes 6.04 19.25
5 Copper, primary, at refinery/RLA U Ecoinvent unit processes 8.21 26.15
6 Copper, primary, from platinum group metal production/RU U Ecoinvent unit processes 91.97 x
7 Crude oil, at production offshore/GB U Ecoinvent unit processes 3.64 43.34
8 Crude oil, at production offshore/NO U Ecoinvent unit processes 4.39 52.24
9 Crude oil, at production onshore/RAF U Ecoinvent unit processes 3.84 27.23
10 Crude oil, at production onshore/RME U Ecoinvent unit processes 5.53 61.79
11 Crude oil, at production onshore/RU U Ecoinvent unit processes 3.66 43.56
12 Crude oil, at production/NG U Ecoinvent unit processes 1.84 9.38
13 Diesel, burned in diesel-electric generating set/GLO U Ecoinvent unit processes 0.25 216.46
14 Nickel enriched ETH U ETH-ESU 96 Unit processes 38.06 12.25
No Process Project PEMFC system Diesel system
Total of all processes 461.64 678.95
Remaining processes 142.78 136.61
1 Bauxite, at mine/GLO U Ecoinvent unit processes 8.92 8.60
2 Carbon fibre I IDEMAT 2001 104.62 x
3 Copper concentrate, at beneficiation/RER U Ecoinvent unit processes 7.18 22.75
4 Copper concentrate, at beneficiation/RLA U Ecoinvent unit processes 6.08 19.25
5 Copper, primary, at refinery/RLA U Ecoinvent unit processes 8.25 26.16
6 Copper, primary, from platinum group metal production/RU U Ecoinvent unit processes 66.20 x
7 Crude oil production onshore U ETH-ESU 96 Unit processes 11.61 1.66
8 Crude oil, at production offshore/GB U Ecoinvent unit processes 3.43 44.00
9 Crude oil, at production offshore/NO U Ecoinvent unit processes 4.14 53.04
10 Crude oil, at production onshore/RAF U Ecoinvent unit processes 3.66 27.62
11 Crude oil, at production onshore/RME U Ecoinvent unit processes 5.43 62.73
12 Crude oil, at production onshore/RU U Ecoinvent unit processes 3.45 44.23
13 Diesel, burned in diesel-electric generating set/GLO U Ecoinvent unit processes 0.24 220.04
14 Nickel enriched ETH U ETH-ESU 96 Unit processes 85.63 12.25
